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Suxnary Rdport

of

DA3&AGE TO =1-. BASIC CH~I11CAL INDUJSTRY FROM~
NUCLEAiR ATTA& AND RESULTAV-T REQUIRE)ES FO:

REPAIR AND RECIA "ITION

THE PROBLEM

The continued survival of the population after a nuclear attack is closely

related to the economic and technological recovery of the country. The basic

elements of survival during the recovery period are dependent on the capab-litv

of a number of basic industries to survive or, at least, recover quickly 1ron

the effects of the attack. Since chemicals are used in almost all phases of

naterial production and product manufacture, the chenical induhstry will have an

especially inportant role in postattack recovery. In recognition of the

importance of the basic chenical industry in the postattack period, the Office

of Civil Defense and Stanford Research Institute have funded the present study

to exanine damage to the industry following nuclear attack.

OBJECIITES

The objectives of this study were as follows:

1. Identification and characteriz-ation of the major unit operations or
the processes co0only used by the SIC Group 28. industries (i.e.,
the basic chemical industry).

2. For each process identified, analysis of the ph3sical daage expected

to result from various overpressure ranges produced by a megaton-range
Zeapon.

3. For each -elected process and for each level of dam-e, preparation of
repair estinii-w hich include time, manpower, by skill, and support
equipnent.

4 Using the damage and repair results for the selected processes,

srnthesis of case studies of selected industries showirg:

a. Probable overall damage at various levels of attack

b. Associated repair requirements



Sumary

c. Tine-phased seqrence of repair operations

d. Alternate nodes of operation

PROCEURE

The procedures followed were:

1. Detailed functional descriptions were develoned for five "typical"
chenical plants (chlorine-caustic, oxygen, ethylene, sulfuric acid,and ar~oniut nitrate)- These plants are represen Mtive of the many
types of plants found within the SIC 281 group.

2. Elenents or components ezplored in one or more of the "typical" plants
were identified and characterized.

3. Ik-ge to the various elements was estimated fo.- a ranze of wecpon
effects and intensities; all weapon effects were keyed to overpressure.

4- Repair time and effort requirerents were estimated for each criticalelement. Repair efforts for individual components were then su-rizedto obtain the rep,'ir effort for each typical plant.

5. The results of the repair estinates were analyzed, and a •-athenitical
nodal was developed to relate damage (expressed as overpressure) to
repair effort (in -an-da.-s).

b. Using the mathematical nodel, rapair esti•ates were prepared fo: each
subindustry ISIC 281X) and for the entire industry (SIC 281).

7- The tine-nhased repair effort was determined for each subindustrv and
for the entire industry including requirerents for time, =anpo-er (by
sktill), and supplies; alternate operating procedures which nightalleviate constraints created by-. shortagee of resources were also
considered.

MAJOR FIN•DEGS

The major firdings of the re-port are:

o IT-e danage/repair catalog for chemical equipment which was develope-d asa result of the itud_ pro-,ides the basis for estimates of the repair

requirements f )r establisiments of the basic che-ical industry. It appears
possible to use such a catalog for repair estimates of a wide range of
industries outside the SIC 2S1 gr•up by the addition of 3ppropriate
equipeent.

--. 1
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e The calculated estimates of equipnent repair for the various darage
levels can be represented by a matbematical model which also reflect
changes in equipment size or capacity. Appropriate models were developed
to relate repair effort to damage level for the basic chemical establish-
ments, industries, and the whole industry group.

o The repair effort required for restoration of equip-cni used in the basic
chemical industry generally reflects the complexity and %uLnerab!i-iy
of the equipnent. The least vulnerable equipeent itens (those requiring
the least repair effort) were those in which little inteinal danage
occurred and the resultant repair required only realidgrent or resetting
on foundati ons.

o The worst case" repeir effort required for the basic chcical industry

could over-wheln the existing capabillty. -t was estimated that the
"nernal" annual construction capability of the chenical in-dustry is
equivalent to only 20 percent of the estimated =axin repair effort
(13.2 x 106 nan-days for the SIC 2S1 industry for an overpressure of
25 psi).

* It appears that the supply of certain labor skills would be in..dequate
to meet the requirements for repair effort inD the basic zhenical
industry in the postattack period. However, the emistence of anv

persons with latent skill in the required categories may kelp in meetin•g
the demand.

* The basic chemical industries are concentrated xn the vicinity of
standard metropolitan statistical areas (SMAs), with over 70 percent
of the industry production capability located within SMS.1s.

* The more modern basic chenical establishments, which dep.rend on aut-mtion
and computer control syste s, appear to have greater •Ine-abilit" to
nuclear attack.

Z
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AB•iTRCT
* 4•

This study for the Office of Civil Defense identifies the major equipment com-
ponents commonly used by industries of the basic chemicals gro'zp [tandard
Industrial Classification (SIC) 2811, estim-tes damage to the equipment components
as a result of various nuclear ueapon effects, and estimates the consequent repair
requirements. Case studies for selected industries were synthesized by assem-
bling the damage and repair estimates for the equipment components of various
chemical establishments. These estimates were then scaled up to represent
d-aage/repair for the selected chemical industries. 3la!hematical models were
developed to relate repair effort with damage level for the indiw-°'ual equipment,
establishme-ts, industries, and the overall basic chemical industry group. From
the outpit 6- the models, time-phased repair effort (with delineation of manpower
by sAils) mas deri•'ed. The major findings of the report ar--:

* The damage/.repair catalog for chemical equipment %as crucial to the
stud- results as it was the basis for estimates of the repair requirements
for establishments of the basic chemical industr-. It appears possible to
use such a catalog for repair estimates of a -wide range of industri-es out-
side tbe SIC 281 group by the addition of appropriate equipment.

* The calculated estimates of equipment repair for the various damage
levels vere represented by a mathematical model which also reflected
cha3ges in equipment size or c3pacity. Appropriate models were developed
to relate repair effort with damage level for the basic chemical establish-
ments, industries, and the whole industry group.

e The repair effort required for restoration of equipment used in the basic
chemical industries generally reflects the comple:_dty and vulnerability of
the equipment. The least vulnerable equipment (those requiring the least
repair effort) were these in wiich little internal damage occurred and the

* resultant repair required only realignment or resetting on foundations.

a Th= r--pair effort required for the basic chemical industries could over-
whelw the existing capability. It was estimated that the 'norial" annual
construction capability of the chemical industry is equivalent to only 205
of the estimated maximum repair effort (13.2 x 1e man-days for the
SIC 281 industry for an overpressure of 25 psi). (In four cases, the
maximum repair estimates were shown to apprwomate or exceed new
construction effort. This indicates that the study results are realistic-
or even conservative.)



* It appears that the supply of certain labor skills would be inadequate to meet

the requirements for repair effort in the basic chemical industries in the
postattacek period. However, the existence of many persons with intent sidll
in the required categories may help in meeting the demand.

* The basic chemical industries are concentrated in the vicinity of standa -d
metropolitan statistical areas (SMSAs) with over 70 percent of the industry
production capability located within SMSAs-

* Some of the rrore modern basic chemical establishments appear to have
greater vulnerability to nuclear attack because of their dependence on
automation, computer control systems, and in some cases, on interconnecting

4 pipelines with related establishments.

Sm-e•-nations for future work include:

0 •,pplication of the results of this study to a large zoultichemical plant
complex or to the Five-City Study.

* Exploration of the application of the study results to other industries.

* Examination of the effects of varying demand for chemical products
after nuclear attack and the resultant changes in basic chemical industry
repair requirements.

a Conduct of an in-depth study of the geographical distribution of establish-
ments uwithin the basic chemical industries.

a Incorvoration of the study results into the National Entity Survival (NES)
Study model.
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IN'TRODUCTION

The Problem

The continued survival of the population after a nuclear attack is closely
related t- the economic and technological recovery- of the country.. The basic
elements of surviv-al during the recover- period include not only food, clothing,
and shelter, but water, pharmaceuticals, disinfectants, soaps, and other health-
related materials. The production of safe, adequate supplies of basic surrival
materials is -- ,ependent on the capability of a number of industries to sur.vive or,
at least, recover quickly from the effects of the attack.

Since chemicals are used in almost all phases of material production and
product manuft.cture. the chemical inaustr. will have an impar.ant role in post-

attack recovery. For ins.ance, food production is highly dependent on fertilizers,
insecticides, presersatives, and %arious pro-ess~ng che~uicals. Chemicals are

used direct ly and indirectly in the production of construction materials as well
as in s-ynthetic fabrics. Same manufactured products, such as plastics and paints,

use chemicals directly, ,-hil, Atiers use chemicals indirectly as agents to clean,
pickle, or cther-wise treat. None of our basic surviral materials can be sm-ppliedin ad(rimte q -antity or satisfactory quality withozt sources for basic chemicals.

in recognition of the importance of tfte basic chemical indust-ry in the postattack
period, the Office of Civ Defense and Stanford Research Institute have funded
the prese-.t study to examine damage to the industry following nuclear attack.

Various investigaticas of the vui-erabiit•- ad/or repair of industries and
utilities have bexn c mncluded in the past. These includ"d• --rater supply, sewage
treatment. electric power systems, steel plants, food processing pla-its, sugar
refineries, petroleum refineries, a-d ind•ustrial plants in general..zhous
inost of these studies were not directed tronard the problems uf the basic chemi-
cal processing irdastry. the- ha-e provided useful guidance and input inforntation.

The concepts and results of the investigation of the repir and reclamation of
electric and gs utilities recently completed by URS (A! pr•oed to be the most

directly applicable. In fact, the techniques arAd procedures developed in that study
provided the technical basis for !he current effort. Other related or comple-
mentar- studies, cover-inug a broad specLrum of industries (such as petroleum
refineries, steel mills, adi food processors) ard effects (such as blast damage,

"rapid shutdoun, and repair requirements), have been discussed II].
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The research required both a systems approach--supplied by URS-and
specialized competency in the field of chemical engineering practices--supplied
by Rogers Enginzering Co., inc., of S&n Francisco. This zrrangement proved
highly satisfactory and is recommended as a desirable approach for research
projects requiring applicati•a of both broad concepts and specialized expertise.

Objectives ,-

The Statement of Work is reproduced below.

The Subcontractor shall provide the personnel and facilities necessary
to conduct a research study to develop estimates of damage to indu-s-
trial facilkies from nuclear weapon effects and to develop estimates
of manpower and resources to repair and reclaim such facilities.
Manufacturing or processing plants representative of those in the
SIC* three-digit grotp 281-Basic Chemicals xwill be se-lecte- cn the
basis of criteria developed by the Subcontractor. These plans will
then be defined in terms of their structures, processes and process
equipment, physical layout and other apprpriate elements. The
definition wiU include the identification of the degree tc whdich the
elements of the plan or processing system are critical to the opera-
tion of the facility. For each of these plants and their critical
elements, detailed estimates of damage from nuclear wvapon effects
wil be derivt-A primarfly on the basis of a 5-M-weapon. Weavon
effee!& *M includ~e oers1r'.fire; -E11aut, and ether:s- as
appropriate. Secondaxv effeets, such as missile and debris effects,
will be considered to the extent permitted by the state-of-the-artL
Esthnate-s of damage will be restricted to the two condffion;; of plants
under normal operation azd shutdown. On the basis of tese esfi-
mates of damage the requirements will be derived over time for man-
povrer and equipment anti other resources for the repair and reclama-
tion of the plants arn the ,;estoratioa of operation. The estimates of
damage and repair tO individual plant components will be presented
in - form such that the findings can be applied to similar components
in othcr plants not cor-sidered in this stud%. To ihe e-tent possible
the findings developed from the analysis of in&-vidu-al plants w il be
utilizpd to characterize plants, in general, of the ind-usry wVhich the

7 specific plants represeut

Sandard industrYl! Classification ,21.
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From the Statement of Work, a work plan was prepared and the following
major objectives iiwere delineated:

1. Identify and characterize the major unit. operations or the processes
commonly used bir the SIC Group 281 industries.

2- For each process identified, analyze the physical damage exlpected to
result from various overpressure ran.ges from a 5--Mt-range -weapon.

3. For each se-lected process and for each level of damage, prepare repair
estmaesih incle mapoer, by skill, and support equipment.

4. Using- the damng- and repair results for the selected processes, syn-
thesize case str4ies of selected industries shouing (a) probable overall
damage at various levels of attack-, (a) assoccia ed -repair requirements,
(c) tizne-plia.ýed sequence of repair operations, (d) alternate modes of
operation.

limitations on the Study

1"he investigaition was limited to those industries defined by Standard Indus-
tzlial M~assif ication (SIC) Group 281; ma.-jor industries in this group are chlorine-
caustic, industrial gases, organic dres, inorganic pigments, basic organic
chemicals, and basic -inorganic chemicals.

The rwnge off xweapon effects considered included both primary effects (such
as air blaia, thermal radiation, pri:--rv fires, and falliout*1 and secondary damage
(sucb as building collapse. secondary fires, utility failure, explosi ons, and tidal
waves). A major portion of the effort was directed at blast effects as these are
considered the most important cause of damag-e 11, 31 aud predictive methods are
relatively well adv-anced. For those effects i'biere predictive techniques are2
Poorly developed, the analysis considered the possibilit-y or probability of occur-
rence. While damage estimates were made for the plant in normal operation at
the time of attack, if it appeared that the resultant damage w-ould differ markedhr
iuith thz p1anL shut dowxn and secured, a second estimate was prepared. Repair
estimates were based on restoration of approxirnately 90 percent of preattack
production ca-nbfli4-. No consideration was given to the reduced demand for
chemical products as a resrdt of the altack.

=Fallout wnas not considered a co-7tributor to eq~uipment damage and the possible
effects of fallo-ut on susceptible chemical products were not included in this

stud--



Report Organization

In most cases, the results of the study are reported in the sequence accom-
plished--that is, from damage estimates to repair estimates to time-phased repair
by skill. To facilitate understanding of the material presented, back-up and
secophry data are presented in Appendixes.

The organization of the report and the relationship of the various sections
and appendixes are shown in Figure 1.

Acknowledgments
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TIHE BASIC
CHEMICAL IRDUSTRY

The Chemical Industr-

The chemical industry is one of the key industries in the United States and
includes 14,000 plants in 50 states. When broadly defined, the chemical indus-
tr-t embraces a complex of subindustries. The borders of the industry and of

the subindustries are indistinct, for most chemical companies not only manufac-
ture products that fall into a number of subindustry greupings, but produce iteLmS
classified outside the chemical industry en.irely. Conversely, many of the
products classified in the chemical industry are manufactured in large quantity
by companies listed outside the chemical indusb-y (such as, the petroleum refin-
ing industry).

Thus, any system of classification that attempts to separate chemical com-
panies into special segments must be arbitrary to some extent. For reporting
purposes, the Bureau of the Census combines estabLshments prodicing chemi-
cais and those producing finished chemicals (products) into one major group-
Chemicals and Allied Products (SIC 28). SIC subgroup 2_1 (industrial inorganic
and organic chemicals) includes some 1,900 establishments engaged primarily
in manufacturing '!basic" chemicals that are furt.her processed by other major
groups or subgroups to produce end products. The %value of shipments for the
SIC subgroup 281 in 1965 was $11, 438, 3-16, 000, which represents approximately
37 percent of the total value of shipments for the SIC 28 group of industries.

Figure 2 illustrates the relationship of the basic chemical subgroup (SIC 281)
to the industries (2-8Ix*) of the subgroup and to other 28x subgroups. The in-
dustries are compared in Figure 2 on the basis of v-alue added by manufacture,
adjusted (3iVA)[5]. The organic chemicals not elsewhere classified (nec)
industry dSIC 2S18) represent -48 percent of the to.al SIC 281 subgroup. Next in
relative imnortazce is the inorganic chemicals industry (SIC 2819), represent-
ing 27 percent of the to:al. The remaining SIC 2Slx industries are a relatively
small but vital part of the basic chemical industry group..

"Hereafter x wiil be used to indicate undesignated 3-, 4-. or 5-digit SIC
subgroups, industries, or products.
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Table I indicates the degree to which establishments manufacture products
classified in more than one industry. (Tnese data are presented in terms of
value of shipments made because there is no MVA data for this particular break-
dowin.) Using these data, the specialization ratio--an index of primary products
produced by a given SIC industry-can be calculated. For instance, alkalies and
chlorine represent 66 percent of the SIC 2812 industry, and industrial gases 98 per-
cent of the SIC 2813 industry. Secondary products made within the SIC 2812 industry
include hydrogen and sodium nitrate, which are classified under the SIC 2813 and
2819 industries, respectively. Another interesting statistic is the value of the pri-
mary products made in other industries-for example, 21 percent of the total pro-
duction of a-lkalies and chlorine (or $110, 538, 000) are produced by other industries.

The most modern chemical establishments today endeTivor to manufacture
their raw materials and produce the finished products. This results in the absence
of a clear differentiation among (Tor example) a petroleum producer, a petro-
chemical company, and a chemical manufacturer. Another trend is the formation
of chemical comple-xes that are comprised of independent establishments located in
the same geographical area with a large volume of intermediate product transfer
between establishments. Table 1 indicates this interplant production consumptien.

.Another definite trend in the chemical industry group (and other industry
groups) is the increased use of automation in process control. W1hile automation
provides better quality control at lower operational expense, it could prove detri-
mental in a nuclear attack.. Controls and control systems are relativel- soft in
comparison with most chemical equipment, but are expensive and reqaire e-xten-
sire labor effort to install. Computer control systems are becoming prevalent [61,
particularly in multichemical complexes, and add greater sophistication to the
normally compl-ex control systems. Thus, even at relativel- low overpressures,
the loss of a control system could cause extensive damage to a plant that would not
have been damaged y- blast effects alone. An illustration of this occurred at a
petroleum refiner- in Pennsylvania during a four-hour power failure. Although
au1xillary power was supplied to some instrumentation, the refinery could not
restore full production for four days and suffered losses in excess of a qua rter of
a million dollars [71.

Geographical Distribution of the Basic
Chemical industry Groun

The geographic distribution of the 1905 plants in the basic chemical industry
group varied. The inorganic chemicals and coal tar products (SIC 2812, 2813,
2S15, 2S16. and 2819) are widely and fairly evenly distributed throughout the country;
however, the organic chemicals (SIC 2S1S) are concentrated in four states: Texas,
Louisiana, California, and WVest Virginia [S]. Figure 3 indicates that
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approximately 54 percent of the ethylene production capability is located in SMSAs
and over 80 percent is concentrated along the Tex.s-Louisiana Gulf Coast j9].
A few dozen well-placed nuclear weapons would incapacitate ethylene productY n
plants. Since ethylene is a basic chemical, this would jeopardize the produc-
tion of other chemicals.

The extent of damage that the basic chemical industry could expect to

receive in the event of a nuclear attack can be related to the prcFimity of the
chemical industry to population areas or Standard Metropolitan Statistical Areas
(SMSAs). Figure 4 shows the percentage distribution (based on 1965 production)

of each industry in the 281 industry group and the 281x industries located in and
out of SMSAs. As Figure 4 indicates, three industries-2812, 2813, and 2815-
have over SO percent of their production capability located iniide SMSAs, While
the other thr-e industries have at least 60 percent or more of their production
capability so located. The entire 281 industry group has over 70 percent of its
production capability located in SMSAs. This indicateg that less than 30 percent
of the industry groupn could expect to remain unscathed followfng a nuclear attack-
concentrated on the SMSAs.

A major trend of the basic chemical industry group, particularly the petro-
chemical industry (2S1B), bas been to the interrelated chemical plant or multi-
chemical complex. In this type of an operation, as many as 10 or 12 separate
chemicals are manufactured within one plant, wih many of the ch;2micals utilized
internally to manufaztu-e other chemicals which are the final end productS. One
res-alt of the multichemical comp, "- trend h been a tendency for kifferent chemi-
cal complexes to become interconnected by pipelines and through interplant trans-
fer to sell various chemicals necessary for another plant's processes. Although
this procedure has- provided an economy of scale that has contribited to the
growth of the petrochemical industry, it could prove disadvantageous if a plant
supplying the necessary feed stock is shutdoun, thus causing a "domino" effect
whereby all 6ependent plants might have to shutdown [9]. These interplant
connections probably will have a great effect on the postattack recovery of the
chemical industry sinrce the damage to or destruction of one chemical plant might
incapacitate cv-eral other plaats 40 oý- 5%9 m=Jks distant. -n example of relatively
loWg distance interconnections is tbe Grange-Beaumont-Port -Artb.ar, Texas, area
that has interconnections with plants almost 60 miles away in the Lake Charles,
Louislan, area [10i. T% fle tins was a problem beyond the scope of this study,
it wou~d be useful to perform an in-depth stxudy oý a large multichemical plant
Sccmple- such as that l9cated in Giesimar, LouisFAna, or the Houston, Texas,
area VII] and more accurately a.cetia. tj -,ffe%;ts a mucleax weapon atuzck
would have on an interconnected chemical complex.
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Crtri orSlito of IRepresentativ'A

The individu:;l process lines issed in basic chemical industries included in
!be Standard Industrial Classification group 2S1 are too numerous to anal-yze in

-t depth. A selection process whereby a limited number of establisxhments were
isolated by a set of criteria designed for optimum- satisfaction of the research
objectives wmas performed at two levwels. The first Icve', examined the six major
ir~dus' ry headings (29812. 2813, 2815, 2,1'h, 281S, and 2819) within the group to
decide whether anv of the major headings could be e~iminat#td from detailed
study; 0h* second level examined all of the chemnical products (2lxand lower)
listed under ceach of the qualifying major headings. Fer each of the selected
rc-presentative irdustries, a typical establishment (producing the selizcted chemi-
cal. products) was designated as representative of that particular ma jor industry
heading,.

The criteria used in selection of the representative industries andA establish-
rnents are as follows:

0 The industry/establishmnent shall have importance in the postattack
period.

*The industry/establishment, shall represent a cone-iderable volume
* (weight) and dollar value.

*The industry/establi-shment sharQ produce chemzicals with wide aippli-
caio inavrety of uses ari over a wvide gorpia ra

*The industry/establishment shall Atilize processing equipment and
techniques representative of those used throug a-at the basic chemical
ipdustry group.

*The i~duastri-/e~siablishment shall produce chemicals not readily ari'al-
able through alternate sourccs.

Using the above criteria for industry, alkmlies and chlorine (2812), induz~fi:ztl
gases; (-813), organic chemicals (2981S), and inorganic chemnicals (2M1) were
remired for dleta-iledI sicuy. The other industries (22815 an~d 20161 -were studied
further, but only in a g.ross manner. Table 2 summarizes the results of the

selection process; furtrther details are included in Appendix B.

Next, prodiucts that would be representative of each el the 281.x industriesI
relained were selected (uasing the same criteria) ax-d typical establishments mranu-
f~i-izurin, 'these products were designaied. The details of the selection process
are given in Appendizx B and the results are summiarized in Table 3.
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Table

SIC 281x INDUSTRIES SELECTED FOR DETAILED STUDY

SIC Postatiack Production Number of Processes and Altersnate

Industry Imoortance Volume Essential Uses Eqjuipment Sources

2812* Hligh Moderate .Many Unicue Fnv

2813* IHigh ,Moderate Many T)pical Few

2815 M2!oderate Moderate Some Typical Many

2816 Low Moderate Limitz- Unique Few

281S* Hligh igh 11-1n Tpa Some

2819* Hligh igh -\any- Ty% .ical Fe.r

* industries retained for detailed stuyiv.

Table 3

REPRESENTATIVE ESTABLISHINMENTS

SELECTED FOR DETAILED STUDY

SIC
Industry SIC Product Code Number - Prodact Product/Industry Ratio-

2812 28121 Chlorine
28123 Sodium hydroxide

2813 28134 54 Oxygen

28134 43 Nitrogen 0.51
28134 15 Argon

281S 2818211 Ethylene 0.022

2919 25193 Sulfuric acid 0. 0621 S0. 107
2819 2S191 50 Ammonium nitrate 0.0451

* A ratio of the MVA for the chemical products indicated over the total MVA for

industry which the prooucts represent.
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As Table 3 indicatesthe establishments chosen to represent the 2812 and
2813 industries manufacture products that represent more than 1/2 of the total
INMVA (0.61 for SIC 2812 and 0.51 for SIC 2813); the choices are obvious. For
the SIC 2818 industry, the choice of an establishment producing ethylene--reproe-

I- sentIng only 2.2 percent of the total industry MVA-is less certain although it
is the largest single chemical produced in the 2818 industry. However, it was
determined that an ethylene plant represents physically, if not in terms of
process, most organic plants. Accordingly, using the ethylene plant as an exam-
pie of the very large industry uas deemed v'alid. The 2S19 industry is represented
by two establishments-one producing sulfuric acid (a representative liquid chemi-
cal) and another producing anmnonium nitrate (a representative bulk solid chemi-
cal); these two products represent approximately 11 percent of the total 2819 is-
dustrv MIVA.
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TYPICAL ESTABLISHMENTS

ANDM
PROCESS EQUIPMEN-T

The basic chemical industries comprise chemical establishments that utilize
various chemical process equipment. This chemical process equipment can be
considered the rorking modules characterizing a particular chemical plant. Thus,

the first step in determining probable damage and subsequent repair effort was to
identify the chemical process equipment. Twro previous studies 13,121 presented
methods by 'Litich mranufacturing equipment (including chemical process equip-
ment) could be classified. In the first study, Sachs and Bickle': of iDA 131 classi-
fied equipment as: general purpose. special to industry, or unique to the pro-
duct, uith subdivisions of light and heary, and regular and precision. The

esecond study by the iNational Planning Association 112] presented a more detailed
classification under three broad headings: specialized equipment, commonii equipment, and auxiliary facihty modules. As these studies examined the entire
manufacturing industry, their classification s.-stems had to encompass the entire
range of manufacturing equipment. Since this study investigated one industry4group, a classification system specifle to chemical equipment ims devised in
conjunction with the Rogers Engineering Company.

Process Equipment and Auxiliary Equipment

Rogers Engineering provided URS with a list of the -standard equipment used
in the basic chemical industr-. From this list, URS an Rogers selected 37
items of chemical equipment and 9 auxiliax-y equipment that would be representa-
tire of the total 281 industry group. These modules provided the basis for a
catalog from u iiicb various tvoes of chemical establishments could be built
hpothetically.

Table 4 lists the chemical equipment 2ad atuxiliary equipment included in the

catalog and represents for each typical plant the specific equipment modules that
make up that plant.

Figure 5 illustrates the layout of a typical chemical establishment and the
relationship of varikus componets of chemical equipment. The pressure vessels.
cooling tower, storage ,aniks, heat exchangers, control houbse, arn pipe rack are-i"1 typical of the chemical industr3. Appendix C contains more detailed information
on the equipment and the processes of the five typical establishments.
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Table 4

CHEMINCAL EQUIPM ENIT -AND AUMIUARY EQUIPMENT

Eq~b~cc Used ini Spci EIc £isa~e=

ciuic - Mir A==cmi= Sdlfric
__________________ lorime Liculdirai EVInleve -Nixre Acid

Co-- ad Press-txc Vessels

C-1 DL-ilhica ol Ic-

C-S Uq~ddfL;-7dd £ !2ctiom Cod-

C-3 Packed Cal-

C-4 vlvesslre vessel - Liorizccl
CtI~ndrc=I x

C-5 Pressure Velssel - veuiieal
CNmdricaI

C-6 Liq~id Ptasse Rtwc-or -jr 3ixcr x

C--!& FhsidL-ed Bed Ver-.il Pt~cicor

S=v TatLks

C-s A soberic aoS ~ x a

C-9 Spbrical x

C-1O soads awm~e x

*C-li e ( S~omge T2-- x

C-12 Haz-izocIl efl 3-ATct x x x x x

C-13 Vc.icaI Sbell ama T~b x

C-14 Th? Me~ects Eriporor x

C-15 Coabg I vzTowrk~ D=R! x x x x

C-IC B=r Tipe - -ir~w Firedx

C-1- Hadro~aI Fired Rcvsry FllRZ

P=:p 2=d D.-wr

C-15 ct~rif~p -- =; x x x x x

C-19 Ele=- rickeC7Drives x x x x x

C-±O Ike T~rae D-iies

C-21 M-3-cr

vzcaca uqq~eac=

C-= &c2.a JU rjewcc'
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Table 4 (Continued)

E~ic=*c= L'sd i! hedfic E-sbIis!=e=

____________________ am1oe iLicijcuz Et',14cce %nrwe Add

Vcpc-ssors

C-:= R Aroc21Lg Coprts- x

C-1; Ce--rifzrzd CO~prc-4csoxr x

~cIEq=4cwc
C-25 Etirc~xcrie C~mie~sv x

c-:!r MI az sitt Dzrri= Tower x

C-2; Ct~rif-±es x

C-25 ElcVIX~iSc Diar=A Cell x

C-29 Meemarnk 3er~c~rr CeH

C-ý-O -Rcearr V~cc= Fier

C,- Tkid~ewr or %izarifter x-

C-= -Acid cuco3er,

C-35 Rtemereive Liq~id orGas

C-1:6 CX=rol Cmbides x

C-Z-.pipe Ricks x x X x

A-I Gas Hep~lror x x x

A-12 GzMA- eter x

A-3 1 O3V.A Trmo<.-e!- x

A-4 Vlcric Suicb xx

A-S ec~ifixer x

W'21cr an Smer S~

A-6 xVcflac. Sand fnher- x x

A-:7 Elcwd W2icy Ta- x

A-S PacIz~B=Ier L~ x

A-9 Prefab iD=-UUI x x
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Critical Elements

One of the goals of this stt.dy was to ascertain the critical elements in the
1-pical chemical manufacturing establishments. The ascertaim-nent of the rela-
tive importance of various chemical equipment components to an overall chemi-
cal process is necessary since the postattack repair effrt would probably place
major emphasis on getting the chemical plant back "on the line." To accomplish
this in the most expeditious manner. components contributing a fraction of effi-
ciency undoubtedly would be bypas3ed. In a previcas study on the gas and elec-
tric utilities [1], the equipment componeds ol the two utilities were almost
ala-ts used in exactly the same manner in each plani; this permitted a fairly
rigid definition of their criticality-. In the chemical industry. however, an item
of chemical equipment might be critical in one plant but not in another (a filter
might be absolutely necessary in one process but of minor importance in
arMther). As ihis restriction precluded the qssignnent of a criticality rating
to chemical equipment listed L, the catalog, the equipment was rated for its
criticalit, on a plant-by-plant baisis.

Accordingly, the fln-ciional contribution of each element -was carefully ex-
aminind, and criticality was rated according to the following classifications:

CRITICAL Los- of elemtnt wcuid result in a loss of more than
10 percent of the design czpacity. The c-use of this[] reduction in capacity niigh± bee due to operational
limitations or a degrzidation of the system's safety
or reliability.

SEMICRIITCAL Operation withou! element would result in a loss of
less than 10 percent of design capacity. The safety
or reliability of the syNtem might be degraded, but
not seriously. Conversion of Oie systenm to operate
without this elem-nent would require a significant
expenditure of manpower and/or materials.

NONCRITICAL Operation wit•nut element, would result in a loss of
_less than 10 percent of design capacity. The safewy

or reliability of the system might be degra.ied, bi!
not seriously. Conversion of the system to operate
Swithout th1s elemen- would mot require a significant
expendittre of manpower and/or materials.

Figures C-I throug• G-5 of -Appendix C depict the ratings of ezch chemical corn-
ponent.
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DA'MAGE ESTIMATES

The 46 equipment modules in the chemical equipment. catalog were examined
to determine the extent and nature of damage they would receive as a result of
nuclear atlack. The pazrpose of these damage estimates was to establish a quan.-
titative rel~fionship between given levels of damage and the overpressure at.
w~hich such damage 1would occur. This informatioýi was subsequently combined
with information relating damage to the repair effort required for restoration
and resulted in establishing a relationship between overpressure and repair re-

* quirements. D.amage ua•s assumed to be produced by a 5-mt low air burst writh
all oiverpressures in the Ma1ch r(-gion. Althougb a rigorous analysis of other
vicapon yields vwas not pursued, the results of the darmAge estimations are believed
:o be aM. lic-able for w-eapon yields in the low megaton range (L.0 - 10.0 mt). The
major diffrence in blast phenomena for weanonszof' different yields (besides dis-
tance) 9!ý the duration of !be positive phase of the blast wave-.Atog this dura-

tion•hag~s iththe overpressure level (it is the longest at low. overpressures),
ever th-. weapon yields mentioned it is of su'-fficient duration to equal or exceed
the natural period of the equipnment structures investigated in this study. For
example. a distiliation column SS ft high byr 4 Rt diameter has a period of 2.6
sees. A-t 9 psi, the column wouild overturn. due to anchor bolt failure. At this
overpressure level, the duration of the blast wrave is 2.75 and 6.3 sees for yields
Of 1 and 10) mnt~respectivelv. Therefore, the duration excee-dls the period of the
structure and the -. are can be considered a static loading force. For weapons
of ,lower yields, certain structures aii! have periods that* now are greater than
the blast wrave duration values. Under these conditions, the assumption that the
-Aave acts as a stfatic loading, force zno longger applies and Ciamnage tc bvc-h strue-
tures wilil be less than r~edicted by large weamitoas at- thtý sa-ne rv'

* eIngels.

WepnEffe-.tx5 and Seconda~r Damage

The primary nuclear weapon eTffects considered in analyzing damage to the
chemical equipmen! cominranfmts were th1- diffraction and d-rag phases of the blast
-ave. :~dtx ~rri~i eondary damsage wms mainly assess-ed in aquali-

W~ire =t'ner and ias mnainly attributed io missiles Z-1--era~ed by the diffraction
,znJ irag plwaos of the blast. Other secondary damage investigated briefly was
Ad:c izair.lv to the nature of the chemical piýcesges themselves (s,-uch as a 'Zquid
ox-3gen spill from = ruiptured slorgsge tank). Appropriate references 113 1 1, 15]

were used where *pilicable. .111 damrage effects were related to Abme overpreszttre
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level at which they occurred. Three we,:pon effects--electromagnetic pulse
"(EMP), direct-induced ground shock, and air-induced ground shock--were not
considered vith respect to their effects on individual chemical eqruipment com-
ponents but possible implications are presented.

Electromagne ic pulse (EMP) fields zre reported (in the open lilerature) to
be of sufficient inteisit" to produce appreciable degredation of communications,
power, and computer systems even outside the rar-ge cf extensive blast damage.
.lthough Zhe complexity of these systems and the many possible interactions

preclude the deveiopment of detailed vx•lner-abilit- assessment procedures [16],
some implications can be made. If the EMP effects cause a power failure, the
sub-7equent unschtinded shnit-down -,f !he plant xulsd cause serious damage, in-
cluding secondary fires and exp.losions Is. UI the EMP effects disrupt communi-
cations within the -lant or erase the magnetic memory of the computer in a highly
automated plant, the plaiit might experience an unscheduled shut-down w-ith simi-
lar disastcrous ,onsequences. A prolonged power outage also would effectively
disrupi the -- pability of the computer.

Direct V.n4uccd ground shock can cause damage to undergroumd lines and
comp-wnaits oa vhernýal plaiiiZ. Vhe d!egree Gf damage fallir.g off r=pidly with
distance froti groy.. zro. X ý. irectM that underground components wiH
receie siW dcari Jamage e'.iy within t& zone Pi plastic soil mo-ement. Since
this? zone. is reiaiively small and would -imultaneousl- be subjectcd to extrcmelly
hige or-erpressure and thermal levels, the dir_- -t-induced ground shock. is felt
to be of minor significanc-e. A special case occurs fw- eheinical plants located
in the vicinitv of a body of w-ater in which ~le nuclear det nmeiiez- týVrs P17].
Under these couditious, coupling effects could produce sigidfieant structural
damage in ranges where the air blast effects would produce no suz-h damage.
However, additionai rese:arch is necess.-ar to establish !be exteni of the prob-
lems likely to be created by direct-induced ground shock.

ir-Induced ground sh.•ck is ex pected to cause virtually no damage to under-

g roA--= chemical plant components at surface overpressure levels below 15 or
25 psi. Above this 2evel, damage is expected to occur, with severity izcreasing
with overp--e.suze. It wts concluded [-] that the present proficiency is not suf-
ficiently advanced to allow even approximate quantitative prediction of damage
resulting from riven overpressure levels.

Damage Estimation

The estiroztien of the probable damage to the various equipment modules
considered in this study involved assessing the moidule to determihe the most
likely failure modes and, ,.sing standard engineering formulas, calculating the
overpressure lerei at which the element would fail, Since generalized damage
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estimations of equipment modules are desired, standard design criteria (for
example, 100-nPph wind force) with app r.priate safety factors were used to
arrive at a structural resistance to blast effects for a given module. From
this resistance, the faiiure-overpressure uas calculated. Realizing that cal-
culated failure levels would not be accurate for all .vqes of any given module
or even for two identical types, we derived a mathematical method of assess-
ing the probab;lity of fEa-i-!re for a given loading condition based on observed
structural failure response. These probability-of-failure factors were applied
to the calculated failure levels and an overpressure range given which corres-
ponded with failure probabilities of 1 percent, 50 percent, and 99 percent. Appen-
dLx D presents the rationale and a more detailed discussion of the procedures used.

* Two factors affect the severity of damage at any given overp-essure levels:

the directional orientation of the element to the blast wave front and the proxi-
mity of the element to other components or structures. In the directional
orientation of a chemical equipment component, the worst-case orientation was
assumed (that orientation proeducing the greatest damage from blast effects).
The proximity of componenLs to ether components or structures also affects
the severity of damage resulting from both missiles and reflected overpressures.
The significance of missile damage is discussed below. Reflected overpressure
w-as not examined in detail due to a lack of specific information regarding equip-
ment location relative to possible blast-reflecting surfaces.

Resuits

The validity of the damage estimates that were prepzred for this study would
be in the range of a "study estimate" as defined b, the -American -Association of
Cost Engineers 118]. This means tlat the damage estimates would have a prob-
able error of no more than plus or minus 30 percent, based on the stated over-
pressure. If the damage estimates are to be applied to equipment that is either
considerably larger or consIerabh' smaller than the standards used for this study,
the probable error would be greater.

Damage estimates were prepared for chemical equipment in both an operat-
ing and a shut-down condition. In many cases, there vas little or no difference
in the equipment damage predicted for the two modes. However, secondar -
hazards could exist if the chemicals contained inside the equipment were allowed
to leak or spill. The major exc .ep.ion to this tenet involved storage tanks arnd
process vessels-empty tanks or vessels became more susce-tible to damage
at lower overpressures.

Appendix E describes the damage for each --hemical equipmewt and a=xiliary
module. The damage predictions are based on actual ccaiputaijons involving
response of the materials making up the modules to the various weapon effects.

7
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"For each damage description, the cause of the damage is noted (diffraction,
drag, missile, or a combination of these three) with the overpressure level
at which the failure would occur for an estimated probability of i percent,

PA 50 percent, or 99 percent failure. As an example of the use of these charts,
at 6.6 psi, there would be a 50 percent probabilit¢y that a distillation column
(C-i) would have external pipe severed at the ground connections due to deflec-
tion of the column.

The findings for overpressure and dynzamic pressure evaluated in detail
were:

o Overpressure (diffraction phase) was found to be a major cause
of damage to buildings. sterage tanks, cooling towers, electro-
lytic cells, and controls. In other instances, it -was a contributt-
ing cause of damage with other weapon effects.

* Dynamic pressure was found to be the major cause ef damage to
certain exposed equipment components. These components were
columns, process and pressure vessels, heat exchangers, pumnps
and drivers, compressors, most of the special equipment, pac-k-
age units, and piping.

The findings for those weapon effects assessed o'aly on a qualitative basis
were:

* Missiles were found to contribute significantly to the damage of
nearLy all equipment components. Those elements lozated inside
buildings or in relatively built-up areas were damaged primarily
by miPsiles generated by overpressure effects. Ele-nents located
outdo -s in less buill-up areas received damage from missiles
propelled by the drag effects of the dynamic pressure.

* Thermal pulse was found to cause varying but relatively insignifi-
car'I damage to the equipment components. The most significant

effect of the thermal pulse was its initiatio:i of primari- ýr7itions

and its contribution to secondary fires, the effects i *iwch could
not be covered in detail in this study.

A wide range of damage response versus over-pressure existed for the
equipment components in the study; severe damage levels, for instance, ranged
from 5 psi for a cooling tower to 2-4 psi for a horizontal heat exchanger. For
presentation purposes here and in preparing the repair estimates for the next
seetion, &-mage corditions considered ar-e for the 50 percent failure probabiI tv
and the corresponding o%-erpressures. C-enerally, the vulnerability of the chemi-
cal equipment modules to damage can Le delineated in three broad classifications:
soft. where severe damage- is experienced ht!i, 5 psi- medium, where severe

"Severe damage as used here refers to severe distortion of the equipment frame
and, or displacement of the equipment off its mountings.

S.. . . . il•
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damage is e2-perienced between 5 and 10 psi; and hard, -here severe damage

occurs at greatei than 10 psi.. The list below shows exampies of chemical
equipment modules in these classifications.

Soft. 2-5 psi

Controls Diaphram cells
CA oling towers Storage tanks (excep! spherical)
Fieed furnaces Control buildings

Medium. 5-10 psi

Pipe racks Screw com'eyors
Blowers Columns
Mercur- cells Multiple effects evaporator
Rotary vacuum filters Package boilers

Hird, > 10 psi

Hleat exchan.g-s Steam and elc'.ric drivers
Pressure vessels Centrifuges
Compressors Spherical storage tanks
Pumps
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REPAIR ESTIMATES

Repair estimates were prepared for the 46 equipment modcles at each indi-
* cated level of dama-ge. The Rogers Fngineering Company assembled a panel of

experienced engineers from their staff plus a representative from UýAS and for
each equipment module at each damage level, evaluated the effort in man-days
to complete the repair, the time needed for the repair, the specific labor skills
required, special construction equipment needed, and reso-rces necessary for
repair (supplies and sparee parts). This evaluation was performed by means of
engineering judgmeit and standard construction estimating techniques-. "he
various equipment modules were assigned for estimation to individunls on the
panel according to their expertise. Each engineer audJited the estimates zo
achieve a group consensus.

Repair Criteria

in a postaiaack env-ironment, there u-ould be many limitntions on the repair
of any physical facilitt-whether a chemical plant, an electric utility, or a school
house. Undoubtedly there would be shortages of the necessary skilled labor,
equipment, and supplies. However, as it was beond the scope of this study to
take such diverse factors into account, the follouing cri-eria were used for deriv-
ing the repair estimates for each compenent:

0 MA repairs would be performed by skilled repair personnel using
the equipment, supplies, and facilities normally available under
preattack conditions, unless other-ise noted.

0 The repaired system would be virtually identical to the original
t(reattack) system from the standpoints of design, performance
capabilitics. operational requirement.s reliability, safety, and
longevity-

T'he following basic assumptions were made for all repair estimates:

* No unusual environmental conditions (inclement weather, frozen
soil, flooding, high gromndvater table., fallout radiation, fires, or
remote or inaccessible location) are present to interfere with the
repairs.
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* Travei time to and from repair sites is not included.

* Time is allowed for the field testing of each repairet! element but
wot for testing the entire system following repair.

* The values gi--en for repair effort do not include the time spent by
supe•r-Isory personnel above the level of "foreman."

Results

-Appendix E presents the results of the repair analysis in tabular form.
Both damage and repair estimates are keyed to overpressure, with other wea-
pon effects cited specifically as applicable. The vahdity of the repair esti-
mates were in the same range as that of the damage estimates (a "study esti-
mate') and should be accurate to within plus or minus 30 percent. A further
refinement -Af the repair estimates reflecting different sizes of the same piece
of equipment is discussed in Section V.

In general, the repair effort requ-ired to restore the chemical equipment
components to an operating mode reflected both the complexit- of the piece of
equipment and its vulnerability to blast damage. To illustrate this noint: a
direct fired heater is a large complex piece of chemical equipment and is also
structurally soft (it suffers severe damage at less than 5 psi); consequently, ii
required the largest repair effort (400 man-days)- A 2,500 hp centrifical com-
pressor, also a large complex item of equipment but structurally very hard,
required only 47 man-days of repair effort at its severe damage level. For
the most part, the chemical equipment modules in the hard category required
less repair effort than the equipment modules in the soft and medium categories.*
In addition, the type of repair was much different since most of the equipment
classified as hard suffered little or no internal damage and required only realign-
ment or resetting on fowriations. Equipment modules in the medium and soft
category required the greatest repair effort since the majority of this equip-
ment would experience both external and internal damage at the severe damage
levels. ',hile the type of ,epair was varied, generally it required some form
of complete rebuilding..

As an example of the use of the repair estimates (using the example given
above), the repair of a distillation column at 6-1/2 psi would require 35 man-
davs of repair effort; take 4 d.ys to accomplish; require a crane, oxracety.lene
cutting torches, rigging gear, and electrical welding machines; pipes, miscel-
laneous wrenches, and gaskets; and a repair crew comprising of 4 riggers, 2
equipmemt operators, I willwright, 2 pipe fitters. 1 ironworker, and 2 certified
welder-.-

"Or. as a corollary. m, ost 7--ardl" components, because th_, arre often designed
to operate under the stresses of very high pressure. are less compl x than
"soft'" components and hence less subject to extensive repair requiremenes.
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MVATH IEMATIC-AL 'MOD1IIýIS
FOP. REPAIR ESTIMATES

In a premi-oes study~ 11, a mathematical model -;.as derelojxxi- that used an
exponeniafnction relating repair effort t overpress--ore. The nurzoseof the

matihcmatic-al model was to take the data for the reepair of individual equ4pnent -
comiponnents (such as that presented in Appendix -) and eapress them in a nivreI
eor.pact and facfle form. 11: -mcn~del serrcei another purpose by Al~owin-v iirL-

oolation beetween dala points so timt a repair effort could be exprc-ssed tor ei-ery
overpressure le-. el. -As mentioned in Sectien 11l, all weapon effects considered

* s~mrer-piessare, dynamic pressure, mis-sie~s, and thermnAl pulse) have been re-
laed to o" eft:oepsur. Iec ze though overpressure is the

indem used, all effecs !hat contribute to damage to a giter. component are im-n
plicit. in this index.

T-h-is math-ematical myodel (-with some revision) satiisf-actorih- xrelated the-

damnage at rari-iocs levels c-f overpi-essure to the esstitax-ted repair effort for each
of !he- 40 chemic-I equipment componmerts sftidied- Thbe at.henratical funcition
used to cexpress this rel-tions-hip Es:-

R 1A e 1

where

R ýrepai.s effort jwnin-daysl
L = =wimumrn epasr. effort (x-.zi-davs

cees verp-reo--ure r. -3) percent- probabilitv estinUme atwich

dama.-ge is obserredz psi
k-empirical cn.Y-s!arnt for a -given equipment m--odule

r emnipr-fcal constant for a given equiapment module

Empirical consstants. to :-:.;ve an expression that best U-4. ;he data for repXdr
estirpate5 of meah e-ampo)nent, w-ere- found by successive Riterationts.

Geinez~ally7 the m--itlieniatfie.AI l'unctions e*- ress the dretageirepair reigiziori-
slEp of, moVt #Df 2ie eizmics! equipunent co!n-DGnents ir. 2 hig-hh' satisffaciery muan-
ner. FipL-e A~ s",m-s uhre-e t-picaS examples pan elec~tric rmo~cor. a roiary kilnz,
an.ý! a cfe-4-tr-.x - %ztb rlt.i -~sod ng ath-cnatical :aramezers) of the cu.rves

44
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obl"rined for the chemical equipment compo-zevts. These curves are representa-
tive of the. accurcc; o' the cmrwe fits to the datz pPnts obtained by the mathemati-
cal model. As xw.s fixind with the previous study !11, de-ia.ions of the model
from the caiculatci va!nes do ocrur. usually for low repc•ir efforts (therefere
of less irrpor tance). lhnwever, "study e3tilrate" validit-y (aceurae-v to witbin
plus or minus 30 percent) is the premisz emj;cyed.

Re r ��Vers-ma Capanity Mlodel

The size or capaoity of a kvitud euIpmet c'mi-iponent vxriswiel ough-
out tMe chemical industry (a disaiilatioa colunn -nay he as short aa le ft er as
tal- a.- 3190 ftlk ar4 since the efort required to xpair a cheni-cal cquipment corn-
ponent in most cuses- ~-rries -A-M ~size 4 thx- C nptY-nX,~ th*: factor had to be
£aRen : o acconýwt. Another s-thc••atica! 7xpre;sioxa -as deve'jied to alkow
! scing oC the repair effort and the scaling factor-d"fvere.z for each piece of
chemhical e.-rfipmesnt-a-lowed the scalina of repair effort to match the size (pr
capacity) Of a giv-en cheamical equipiment comp2=n--t. This flexibility permitted
a more precise entimate of repair efforL for each tyy.-;cai plant. In addition,
the scaling factar 2a. a time-saving de ice since it permitted nn easily deter-
mined reair timat-tion fr any compcrnent nol of st&dard size.

Scaling Mode!

The expression fir the rcaing flaetor -aý derived empirica!W from the
rep=ir effort data 1---yied - R-ogers Engineering- For each chemical equip-

ment compoone:t, Lhe determnin-a.'jim w nmadie on the type of re-air performed
at each damage level, and lwheher "he repair wou-ld change with size vwelding
a se:_•n on a large or small tanld or remain the same des•pite a size variation
(repLacing instrumentation ;.auges). The repair estimates for three sizes of
the same piece of equipment were zhen graphically depicted and the following
eqtz.tion tras derived to represent the graphical results:

Sf =m(cb t)

where

Sf scaling factor for a given chemical equipment component

m empirical constant for a given equipn.ent component

C -capacity or size of equipment comp--nent being investigatel-

C c~apacity or size of equipment connw.ent s-.andard

- ciapiricA exislann for a given equipmem component
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Ine jz se; the scaling factor is multiplied lk h cpant efor gi--ivd e

7 eq.3, w.hich represents the relatiQ~nship between .laffiage a-nd repair for an.
equipment component of any given size:

R 1 (,Lk(I - n 1[Jc (3)
) kC b)J

where R repair effort for- any size componeat (man-days).

flesults

For each of the 46 equipment modules, Table 5 lists the 7 parameters that
were used (L, k, :t y, m, b, CO) to defive the repair effort for that equipm-Lent
component ira the mathematical model. The scaling parameters (m a-ld b)
vaj-ied &i different. overoressure leveis for several of the chemical components
and are indicated Jr. she table. Table 5, indicates several variations of scaling
that have to be taken into acceun t.. In some, cases, a piece of chemical equip-
ment will not varv in size but is truly' a -nodtdle (a Mo-dular equipment component
wou.ld I-e. manufactured in one size only) and more of the same size module are
added when an increase in capaciiy is deesired. Thins tpe ofeupeti dnti-

fled by- the term "modular" in the m a ndb columns. In another case, the repair
effort for a given piece of eqruipment varies directly with a- certain standard
dimnension (Cc) and in this case mn = I and b =0. F-inally, ip some instances,
the repair effort remains constant fo~r any size of an given equipment component
and is so designated in Table 5where the m 0, b I and C-(isleft blank-
(the size of the equipment is not relevant)-.

T'he technical literature [19-241 contains many articles concerning the
sscaling of chemical equipment by size or zapacit-y However, the literature
reviewed uses either the initial cost or installed cost in dollars of the chemi-
cal equ-ipme-nt versus size o. capacity as the units of mneasure. The scaling
method used for this study is different from the methodis usually found in the
litera-ture* anta is riot directly comparable to the results that these methods give.
The reason is 'that the equipmen'. scaling method irn this report is strictly con-
cerned xiith the repaxir effort for different sizes of chenmical equipmen!t; whereas
the st-andard, cost-versus-size methods are concerned with the overall cost
of purchasing and installing a chemical equipment component and incluac manyv

other cost factors besides the actual installation labor (suc-h as shipping, mate-

rial cost. apd m anufacturing labor).

Trhe classical rieiod is the exponential capmacilty-adjustment technique that
uses -- con-saant emponent value of 0~ - for rmost types of processes. An
exm-nule of this method is given in Reference 21.
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omrso at 12s,;1o

To find the repair effort for a 1,000 hp centrifugal compressor at 12 psi, for

example, use the parameters given for a centrifuppl compressor (C-241 in Table 5

I ,and substitute them in eq. 3 as follows:

L=51 m= 0.51
k =0.11 b= 0.45

x2.9 Co= 2,500 hp
C= 1,ooo hp

p =12

R,9 51 e -0.(12-2.9f--_ 51100.3 0.4
psi 10 -2500

-21 man-days of repair effort
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REPA-IR ESTIMAITES
FOR TYPICAL ESTABLISHMENTS

A)D INDUSTRIES

Procedure

The SIC 2S1 industr; group was differentiated successively from industry
group to industry, to pr-,--uct, to establishment manufacturing the product, and,
ultimately, to basic prc,-ess equipment of the establishments. At this lowest
common denominator-the process equipment common to all establishments and
industries within SIC 281 group-detailed damage and repair analyses were made.

Using a mathematical model derived in Section V for each item of process
equipment, it is possible to estimate the repair effort (50 percent failure pr-b-
ability) verisus overpressure for each of the typical establishments by assembl-
ing the process equipment required for each and adding lip the repair estimates
for the constitu-ent process equipment. The total repair effort then is estimated
for all the mantufacturing capability involved in the total production of the chemi-
cal products. This is done by comparing the ty-pical establishment's annual
production of its product with the total annual production of that product. This
ratio and the repair estimate for the typical establishment are used to derive
the repair estimate for the total product manufacture. (This estimate includes
factors necessary to account for 'atypical" establishments, that is, establish-
ments with production capabilities, products, and process equipment different
from the typical.) Ultimately, repair estimates for the 2SLx industries and 2S8
industry group can be obtained in this same manner. Figure 7 shows this inte-
gration process. At each of the levels the repair estimates for items in the
t-pical unit are summed and repair estimates for the atypical units are either
estimated or otherwise compensated for. For example, at the establishment
level (five or more digit SIC code), we studied a 400-ton per day chlorine-
caustic plant that produced only chlorine and causti2 by the Hooker process.
(Appeudix C gives an analysis and report of the process equipment; Appendix E
indicates corresponding damage and repair estimates.) Other plants u-ith differ-
ing production capability were not examined in detail. We did not study a chlorine
plant using DeNora cells, nor did we investigate byproducts such as soda ash.
lniece, ue have had to calculate the repair estimate for total edorine-caustic
p.•otkct by including, considerations for atypical as well as typical establish-
ments. These estimates were of a gross nature and often no more than a simple
extrapolation. Important exceptions will be noted. The use of such approxima-
tions does decrease the reliability of the repair estimates increasingly as the
integration of the industries progresses, but the results, even at the 3-digit SIC
level. are believed adequate for general planning purposes.

S :" 7 ... ... .
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Repair Estimates for Typical Establishments

Repair estimates for a typical establishment are obtained through the sum-
mation of the repair estimates for all chemical processing equipment in that
particular plant. Though simple in concept, the actual practice is complicated
because of network-type components (such as control wiring and miscellaneous
piping). The network-type components were usually accounted for by the use of

an appropriate rule-of-thumb. It was generally assumed that miscella]eous
conduits and piping not carried on pipe racks (component C-37) ac.•ounted for
an additional piping quantit- equivalent to 20 percent of the piping carried on

pipe racks. However, variations compensating for individual plant characteris-

tics were used whien necessary.

Figure 8 presents the results of this summation process for the five estab-

lishments considered (Figures C-1 to C-5 show plart layouts). It was found most
convenient to obtain initial results by summation at several overpressure levels

as this provided a basis for derivation of a mathematical epression for each
curve thus generated. The mathematical expressions derived for these curves were
all reduced to a common equation which is identical to Equation 1 except the repair

effort parameters and empirical constants are now applicable for the individual
establishments rather than the equipment components. Table 6 indicates the estab-
lishment parameters used in deriving these mathematical expressions.

Table 6

MATHEMATICAL MODEL PARA'METERS
FOR TYPICAL ESTABLMIS ENTS

Size Parameters
Establishment (tons/day) L k x v

Chlorine/caustic 400 12,600 0.043 0.5 2.0

Oxygen 100 5,610 0.005 0.5 2-4
Ethylene 685 25,600 0.01 0.1 2.2
Sulfuric acid 1,000 11,575 0.002 0.2 2.9
Ammonium nitrate 240 2,260 0.02 0.5 2.0

In Figure 8, damage level is expressed as overpressure ('m psi), and repair

effort is expressed in total man-days for the typical establishments with the indi-
cated production capacities. The use of normalized repair effort, expressed in

man-days per ton Ixr day of production capacity, is not permissible since repair
effort scales differ with size for the different establishments.
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Figute 8

/ REPAIR EFFORT AS A FUNCTION OF DAMAGE LEVEL FOR
FIVE TYPICAL ESTABLISHMENTS
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in order to examine the scaling of repai!( effort Mith changes in plant size,
a secoad damage versus repair iteration vms performed on two additional plants
for each of the five typical establishments, using capacities different from the
typical. These results were depicted graphically for each establishment tye

and eq. (4) was then dcrived to represent the graphical I-esults:*

R'= R'°( )(4-)

where

Rf =Repair effort for the tvoical establishment
0

C' =Size or capacity of the q-pical establishment
0

C2 = Size or capacity of the establishmeni being investigated

RI =Repair effort for the establishment being investigated

n =5caling factor

Table 7 indicates the scaling factors for each chemical establishment studied.

Table 7

SC.ALIG FACTORM FOR' REPAIR EFFORT VERSUS SIZE
FOR THE TYPICAL ESTABLISHMEN-TS

Repair
capacit- Effo Scaling Factor

1-pical Tstablislh•ent IC'20. t-n/da.) gman-dav•) ____

C'niorine/caustic 200 (chlorine) 7_300 0.71
Oxyvgen 100) 3.20,C 0-61
Ethylene 665 i2. W, 0.-71
Ammonium Nitrate 240 1,000 0.55
Sulfu.-ic Acid LAW 6.200 OAS

The form of this equation is similar to that one used in the chemical in-ustry for
scaling estimated plant costs: an e35mple of the use of tils eq.u.ti!n. '). sca!qng
is giwen in Referncme is.

The repair effort chosen for examnrmation here corresponds to ZA) percen. CA
the maximum reppair effort for each of the typical s•sl-ishmenIs.

Fi
J.



Two useful indices can rviw be derived from Fil-,re 8 and Table 7--delta
damage level and 50 re-rcent repair effort. These indices are being employed so
that the various establishnients can be compared on a cornmon basis. The delta
damage level correspr-nds most closely with the moderate damage categor" eoro-
monly used in nuclear weapon effects terminology-. The 50 percent repair effort
and delta damage level indices are shown on an example curve below:*

REPAIR EFFORT

Rep,..ir Effo-t

50 Percent
r~epcir Effort

SDelta D,•om e Level D

DAMAGE LEVEL z

For any particular typiml establishment, the delta damage level vwas not
found to -va. .ignificanti with changes in plant size. For subseqe-em damage
estimations !he delta damage level was rounded off to the nearest integral psi.
The 50 percent repair effort index deperds on plant size. and comparisons of
this index should be made using establishmenis having the same product'ion
capacity-. These •wo indices are displayed in Figure 9; there is no correlation
betw---n delta dniage level and 50 percent repair effort. For enxample, the
chlormneicaustac plant is the most vulnerable (I. e., damage occurs at the lowest
o•erpressure leve,) and it is also one of the most "expensive" to repair. On
the ether ,hand, the sulfuric acid plant is relatively ard" an reair effort i2
relatively low.

For e.-ample, the maximum repair effort for an ethyhnme plant is 295,600 mcn-

days; the 50 percert repair effort is then 25,600/2 12, S0O, wiie corresponds
to a delta damage level of 7.1 psi.

-.
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Despite the Jack of correlation on a plant-by-plant basis, the relationship

jbetween delta da•-mge level and 50 percent repair effort appears fairly consis-
tent,. within a given SIC 2$1x industry, as is discussed in Section VII. The two
typical SIC 2S19 establishments (ammonium nitrate and sulfuric acid) have
relaitvely low repair efforts, which indicates the simplicity of their manufactur-

ing processes in comparison with those of the other three establishments.

Repair Estimates for the 28lxx Chemical Products

A proper representation of different chemical plant sizes was required to
extrapolate the findings of the typical establishmuent analysis to the total produc-
teon of the chemical products being represented. Since the basic repair versus
damage data were tied to the typical establisihmeit capacities, the repair effort
had to be scaled to plants of different sizes; the scaling factors derived are•
given in Table 7.

A stepwise procedure was used to ex-trapolatee die results of the typical
establishment repair analysis to ihe 263L2cx-x chemical product. The first step
entailed selecting a spectrum of representative plant sizes. Then, using the
scaling factors of T-ble 7. the total repair effort for this mixture of establish-
meats was calculated. By conaparing the production of this assortment of plants

with the total annual production of the chemical product, it wms possible to cal-
culate the repair effort required for the tolal production of the chemicals
involved.

Resair Estimates for the 2SLx Industries

The extrapolation of the repair efforts for the 28L'rx chez-i'l products to
the 28]x industries u-as performed using the 1965 annual production of each in-
dustry as the basis for the integration procedure. For the 2812 industry, a
simple ratio of the annual production of the chlorine/caustic industry to the total
2812 industry annual production was used to e.xtrapolate the repair estimates.
A similar procedure for the 2813 industry used the production of oxygen, nitrogen,
and argon relative to the total 2813 industry production.

A somewhat different precedure wras employed in ascertaining the repair
effort for the 2818 industry. While ethyviene is the largest volume chemical
produced in the 2S1S indust.r-y it also utilizes one of the simpliest proce-sses
of the indnus-ry in manuirctuding its product. Therefore, to take into accouwi
the increased complediw, of tQe rest of the 2818 industry, the repair effort for
the ethylene plant was doubled, and the ratio of its proftction to 2818 industry
produztion was used to arrive at the final repair effort for the total industry.
The factor of 2 was derived by comparing the price per ton of ethyle-e to
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the average price per ion of Mhe total production of all chemicals of the 2818
industry.

Extrapolation of the typical plant results to the 2819 industry was somewhat
more complicated. Since both liquid and solid chemicals are produced in the
2819 industry, the sulfuric acid industry as used to represent the liquid chemi-
cals portion of the industry (except for ammonia) and ammonium nitrate was useJ
to represent the solid chemicals portion. 7The ammonia industry is unique and
represents a sizable segment of the 2819 industry (11 percen!); therefore, it w.as
given special consideration. The ammonia process, which is classified in tbe
2819 industry, is more representative of a petrochemiml process, and there-
fore the ethylene plant vas used to represent it. These three t-pical industries
were then extrapo~lated to the 2819 industry by using their respective repair
efforts and the ratio of the liquid chemicals, solid chemicals, and ammonia
production to the total 2819 industry production.

Results of the integration process for the 2SLx industries are sbewn in
Figure 10 for the 2812, 2813, 2818, and 2819 industries. The relationship be-
tween rea.ir effori and overpressure levels was found to fit the mathematical
model expressed in eq. 4; the curves shown in Figure 10 (with their correspond-
ing parametersj are based o this mathematical exnression.

Repair Estimates fur the 281 Industr. Greup

Two of thea six ir-ndustries (2815 and 2816) that make up the 281 industry group
were not a-nalzed in detail in this study, since they area part of the 281 indusftry;
however, approximations as to their repair efforts were req-ired. It was
assumed that the repair effort for these Itwo industries would be proportiona to
ite total r.epair effort of the other four industries that were investigated. The
extrapolation procedure was similar to that used previous!y. 3he ratios of the
annual production (in tons) of the 2815 and 2816 industries to that of the total 281
industxy group were multiplied by the summation of the repair effort for the other
four industries lo obtain the total repair efforis for both the 2815 and 2816 industriees-
equibalent to 7 percent of the total for the other four industries.

Table 8 sbows for the six 2S1 industries, the repair effort in man-days for each
industry per ammal unit of outpit, and the repair efort in man-days for each industry
as a ftmction of the 19G5 ,VA of each industry. The results for the four industries
(from Figre 10) were then summed over the I to 25 psi range of overpressures
Cplus the tixed 7 percent effort to 3ccount for the 2815 and 2816 industries) to arrive
at the total repair efforts for the 281 industry group as a "unction of overpressure level
(Figure 11). In these calculations, it was assumed that 90 percent of the pre-ttack
production capability is restored by the repair effort; this allows for the noncritical
"components that could account for 10 percent of production capacity (see Section 1.

* The mathematical model (eq. 4) was the basis for the curve in Figure Ii.
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Figure 10

REPAIR EFFORT VERSUS DAMAGE L.EVEL FOR THE 2 8lx INDUSTRY GROUPS STUDIED
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Figure I1

REPAIR EFFORT VERSUS DAMAGE LEVEL FOR THE 281 INDUSTRY GROUP
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Repair Effort for 281 Industry Group
Based on Geographical Distribution

Based on the geographical distribution discussion of Section I, it might be
expected that a nuclear attack concentrated on the SMSAs would leave approxi-
mately 30 percent of the 2S1 industry group production capability unscathed.
The repair effort required for such an attack may be discussed in terms of
Figure 11 to give the following example: assuming that all exposed establish-
ments in the 281 industry group experience a damage level of 3 psi, the total
required repair effort would be approximately 900, 000 man-days. If the over-
pressure level were ra-ised to 4 psi, the repair effort required would nearly
double to over 1.5 million man-days.

Comparison of Repair Effort
with New Construction Effort

For the electric utility industry, it was found [1] that the maximum repair
effort required after nuclear attack approached new construction effort (nut
including site preparation but including debris remoa!l). To check this para-
meter for the chemical industry, the data shown in Table 9 were assembled for
four of the five t.pical plants studied. In all but one case, maximum repair
effort costs exceeded the estimated new construction costs, reaching a maximum
of 240 percent for a sulfuric acid plant. The reason for the .ide variation (55
percent to 240 percent) is not immediately apparent, but. when plotted (Figure
12) the complexity of the plant (as measured Ib? capital cost in dollars per ton
per day of rated capacity) is found to vary regularly with the ratio of repair effort
to capital cost. Figure 12 can be used to make gross approximations of maxi-
mum repair effort when only plant size and capital costs are known, affording
a useful tool for estimation purposes when little information is available. For
example, if the cost of a given plant were kno-n to be Z5, 000 per ton/day of
rated cnpacity, the estimated maximum repair effort would be (Figure 12):

man-days
0.0040 Tx ý, 000 =20 man-days (per ton/day of capacity)

The data from Table 9 and Figure 12 serve to confirm the validity of our
repair estimates since we find, as -ith the gas and electric utilities, that maxi-
mum t.-:epair effort costs approach or exceed new construction costs. For cases
in wlhij repair effort exceeds new construction effort appreciably, it is hy.po-
thesized that we are dealing with components that are readily constructed
initially but are most difficult to re-structure after damage. Similarly, for some
items of equipment, perhaps even for entire plants, it may be necessary to de-
cide whether complete razing might not be most adva:tageous when damage
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, I
Figure 12

PLAI14T REPAIR EFFORT/TOTAL COST AS A FUNCTION OF TOTAL COST

; 45,600

40,000

35,0 ..

CHLOINE-..CAUS.IC

3 3,000
a

o 00

2O,000o -
0 50D

0 ,0

I 0_0 0THY000E

CAePITAL COST - c~lto- per pe &y

U

-...... --a • .. .. ... .



74 URS 687-4

is severe. (Of course, razing would not apply to undergroThd emponents and
4 • foun&Aions whichh coidd be salvaged.)

Aniother check on the magnitude of cur repair estimates can be made by
comparing the maximum repair effort for thc SIC 281 group (13.2 x lop man-
it7ays from Figure 11) fq the normal, ong•oig construction activity of the SIC
281 group. Using the 1965 figures f-r capit-l construction costs 14] and a labor-
to-construction rat~o [18], it wae possible to compute the actual man-days of
labor that went into the ce%- construction efftrt.. The results are given in Table
10 which shows that the new construction effort in 19A5 as approximately 20
percent of the maximum repair effort that would be requiredl Zor the 281 indus-
try group. In other words, if the "normal," undamaged capability of the chemi-
cal construction industry could somehow be directed to reconstructing the heavily

* damaged SIC 281 industry, the reqraired repair time would be approx imately 5
"years.

Table 10

COMPARISON OF 1965 CONSTRUCTION EFTORT PC THE
281 INDUSTRY GROUP WILTH REPAIR EFFORT

Man-Days of Repair Effort Ratio of ..Newv
281 N~ew Construction in Man-Days Construction Effort

Idiustry Effort in 1965* at 25 psi to Maximum
%mroup a6 Repair Effort

2812 139 1,350 0.103

2813 167 1,320 0.127

2815 151 730 0.206

2816 29 19 0.243

"28318 1,520 6,860 0.22

2819 6-9-04" 2.1870 0.216

Total 2,610 13,20 6 ME97

Excludes man-days required for foundation work aW 1--inting •A in-pwnt
empnoyees engaged in routine repair activities. Tly.ically "this laPner forze is
small and "-vouid not increase ihe. "New Construction Effort" w.tal appreciabw-.

-- C
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Comparison of Results

Admn•ed Research, Inc. has conducted two studies 11-,261 dealing with
dlamage and repair of manafacturing iidustries-the food industry group (SIC-20)
A •d the petroleum industry group (SIC-29). Although the ficd and chemical

groups have little in common, some equipment is similar (e.g., heat excha•g-ers,"
storage tanks, wacuum filters etc.). Howaver, it v.s impossible to compare
results of the above study with those obtained in this study, for two reasons: the
repair estimates concentrated mainly on building repair with lit•le emphasis on
equipment, and even wNhen repair estimates for equipment of interest were given,
they were only gross estimates.

The petrole-m industry group is similar lo the petrochemical industry, (SIC
281S and employs comparable equipment in is processes. Mlthough the Advanced
Research study of petrole-um refineries [14] cncentrated on da•nage and repair
of equipment, it was very difficult to compare results since a number of
specific items of auxilliar. equipment (e. g., heat exchanger) were not enumerated
by .Adhanced Research for the processes they studied. In only two cases vs
direct comp-aiison possile; in these cases the repair efforts reported by -Advanced
Rezearch for repair of cylindrical storage tanks and a cooling tower checked within
20 percent of the repair efforts for similar size equipme-nt derived in this study.
In a ilhird case, by making some assumptions as to auxillary equipment, it was
possible to compare resuilts for an 80, 000 barr-el/day crude I*: in this case,
"the Ad&ance Research results were a factor of 2 hig&.er than our results. Aithough
these comparisens indicate reasonably good agreement for the cases cited, the
Advanced Research results for the petroleum industry are of limited usefulness for
our purposes because of the lack of identi--cation of process eq4uipment and the
failure to inciude information on support --and auxilliary components (sucb- as con-
trols, utilities, and pipe racks).

A recent SRI study, a part of the National Entity Survival (NES) Study. [27]
investigated repair effo[r as a function of damage for various mwaafaeturing seg-
ments of the econemy. Included in this s',Ady was the SIC 2S -naor grcup (chemi-
cals and allied products) of vtich the SIC 2S1 industry group is a part. B3y using
the ratio of the SIC 2S1 MVA to the MVA of the Sic 28 rzajor group, it was possi-
ble to derive a renair effort for the SIC 281 industry group that could be com!pared
with the results of this study. The omtcome of this comparison shows that the SRI
results, based on repair efforts (im man-days) per $1,000 MV-A, were a factor of
2.2 and 2.6 greater for overpressures of 3.4 psi and 5-5 psi. respectively, than

The crude still nrecess ;.--as assumed to consist of two tswers or columns,
various beat exchangers, pimps, and piping.
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were the results of the present study. This agreement is remarkablk good for
estimates based on two such different bases. The present results have greater

validity, however, for they are based on detailed analyes rather than, as fo?. the

N7ES results, on the extrapolation of limited data to a related, but nonhomogeneous,

industry (.e., SIC 2S group). '11he current findings, especially the considerably
lower repair effort, should be incorporated into the NES study as soon as possible.

7I

* V
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TTLME-PtILASED
REPAIR AND SKILMS

The time-pha-sed repair analysis was performed to determine repair require-
ments in terms of both man-days and manpo-er skill classification. It also pro-
vided information on the number of workers required during any given work period
(8-hour shift) and how their skills 1 u5 d be scheduled throughout the course of the
repair program.

The time-phased repair sequence was prepared for the five typical establish-
ments at the delta danmlge level for each plant, that is, at the overpressure level
for Which 50 percent of the maximum repair effort is required.

Procedure

The Repair Analysis Sheets (Appendix E), the mathematical models for each
typical plant, and the experienced judgment of the Rogers Engineering Saff, pro-
vided the basis for time and imnpower skill schedules. It was necessary to balance
such factors as crew size, working space, type of repair, equipment requirements,
and job completion time to arri"e at realistic repair schedules. From such basic
information, time-phasing for repair of each plant uas estimated and total manpower
requirements for each plant was determined. These time-phase repair sequences
were estimated only for qualified work crews and assumed aailability of specialized
equipment, replacement parts, and supplies.

Since most chemical plants are relatively small in area, uniform overpressure
levels throughou1 the plant were assumed. Only the critical and semicritical chemi-
cal and au•dliary components -ere considered for the time-phased repair analysis
in each typical establishment. As indicated in Section VI, disregard for the non-
critical components implies that plants are restored to only 90 percen-t of their pre-

-a-ack production capability.

Results

Figures 13 through 17 present the work schedules by skill for each of the t-pi-
cal plants at their delta damage levels. The results have been presented as the
total number of S-hour work shifts required for each labor skill; thus, the total
elapsed time required to repair a typical plant could be determined by deciding hobw
many work shifts per day would be usefully employed.



Figure 13

TIME-PHASED REPAIR FOR CHLORINE-CAUSTIC PLANT AT 5 PSI

LABOR SKILL NUMBER OF SHIFTS
I I I III

CLASSIFICATION 10 20 30 40 50 60 70
I I I

Boilermakers 4 Number of Men per Shift

Bricklayers

Carpenters

Electricians 4 3 10 4

Equipment 14 16 15 7 1

Operators

Insulators

Ironworkers 20 22 34 29 4

Laborers 4 6

Millwrights 3

Pipe Fitters 20 22 23 26 32 22 2

Riggers 28 29 28 29 7 21 24 4

Truck Drivers

Welders, Certified 5 6 4

Welders 20 21 20 27 18 6

TOTALS

NOTE: Shift length 8 hour, i.e., 1 man-day 8 -.an hour.

A.



UMBER OF SHIFTS TOTAL MAN- PERCENT MEN PER SHIFT
DAYS OF SKILL OF AVER- MAXl-

50 60 70 80 REQUIRED EFFORT AGE MUM
III I I _ _ _ _ _ _ _

pe, Shift 88 1 4 4

1 8 ,(111

40 I 2 2

3 10 4 287 4 5.3 10

7 1 696 10 13.4 16

1 21 <1 1 1

29 4 1,280 18 20.6 34

6 272 4 4.4 6

15 I 3 3

32 22 2 1,399 20 21.5 32

21 24 4 1,592 23 24.5 29

6 ~ 1 1 1

112 2 5.3 6

S6 1,126 16 18.2 .7

6,942 125.2



Figure 14

TIME-PHASED REPAIR FOR LIQUID AIR PLANT AT 9 PSI

LABOR SKILL NUMBER OF SHIFTS
II I ! II

CLASSIFICATION 10 20 30 40 50 60 70
__ _ _ _ _ _ _I I I I I i I

Carpenters 2 Number of Men per Shift

Electricians 12 11 8 10 7 6 -2

Equipment 4 8 2 1
Operators

Insulators 9 4

Ironworkers 5 7 5 3 1

Laborers 8 4 6 4

Millwrights 1 2

Pipe Fitters 22 18 22 15 8 A

Riggers 2

Truck Drivers

Welders, Certified 9 16 5 2

We Iders 4 9 6 8 6 1

TOTALS

NOTE: Shift length = 8 hour, ;.e., 1 man-day = 8 man hour.

A.



4

NUMBER OF SHIFTS TOTAL MAN- PERCENT MEN PER SHIFT
I DAYS OF SKILL OF AVER- MAXI-7S0 60 X 80 90 REQUIRED EFFORT AGE MUM

iII I I

80 2.3 2 2

6 2 419 14 7.1 12

155 5 3.4 8

4 1 202 7 5.6 9

1 230 7 3.6 7

196 6 5.6 8

79 3 1.9 2

8 4 854 28 14.5 22

226 7 6.5 8

25 1 1 1

2 383 12 6.5 10

235 8 5.2 9

3,0_.___, 62.9



Figure 15

TIME-PHASED REPAIR FOR ETHYLENE PLANT AT 7 PSI

LABOR SKILL NUMBER OF SHIFTSJ i I I i I I•

CLASSIFICATION 10 20 30 40 50 60 70

Boilermakers 8 Number of Men per Shtfti-

Boilernwkers'
Helpers

Bricklayers 32

Carpenters -8

Electricicns :23 J2 13

Equipment 4 1
Operators

Insulators 6 8

ronwokers 4 12' 13- 12 11 13

Laborers 46 .8 9

Millwriqhts 2- 12

ripe Fitters 3840 38 33

Riggers .2 .5 4 10

Truck Drivers 2'

Welders, Certified 24 27 26 24 -16

Welders 4 12 7- 4 8-

TOTALS

NOTE: Shift 8= =8honr, iho , 1o--day=B8.nn ur.

_ _ .._ 1.
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'UMBER OF SHIFTS TOTAL MAAN- PERCENT MEN PER SHIFT
, DAYS OF SKILL OF AVER- M ,-

- 80 90 REQUIRED EFFORT AGE MUM

504 5 8 8

32 <1 4 4

.2 1,310 12 32 32

736 7 8 8

13 4 1,033 9 12 23

1 5 .I 459 4 6.2 9

8 6 2 416 4 6.1 8

1! -13 2 703 6 7.6 13

9 944 8 10.5 40

2 117 1 1.8 2

33 9 8 2,482 22 28.5 40

1 10 2- 367 3 5.6 10

2, 180 2 2 2

24 16 4- 1,509 14 17.3 27

8 1 382 3 4.3 12

11,174 1,539 I
!:1



Figure 16

TIME-PHASED REPAIR FOR AMMONIUM NITRATE AT 6 PSI

LABOR SKILL NUMBER OF SHIFTS

CLASSIFICATION 10 20 30 40 50 60 70
_ _ _ _ _I I I1III

Boilermakers 2 Number of Men per Shift

Brck layers

Carpenteis 2

Electricians 4 6 1 •3 2.

Equipment 7 4 3
Operators

Insulators 1 3

Ironworkers 9 5 3

Laborers 2 1 2

Millwrights

Pipe Fitters 2 10 8 4 2

Riggers 2 4 2

Welder, Certified 3 6 41

Welders 8 4 2

TOTALS

NOTE: Shift length = 8 hour, i.e., 1 man-day = 8 man hour.

A.



R OF SHIFTS TOTAL MAN- PERCENT MEN PER SHIFT
I 1 DAYS OF SKILL OF AVER- MAXI-50 60 70 80 90 REQUIRED EFFORT AGE mumI L I 1 _ _ _M

10 >1 2 2

5 >0.5 1 1

30 3 2 2

130 12 3.6 6

90 8 4.7 7

40 4 1.7 3

171 16 5.5 9

32 1.5 2

30 3 1 1

220 21 5.5 10

62 6 2.4 4

109 10 3.2 6

138 13 5.3 8

1,067 39.4



Figure 17

TIME-PHASED REPAIR FOR SULFURIC ACID PLANT AT 8 PSI

LABOR SKILL NUMBER OF SHIFTS
CLASSIFICATION 1I I I ! 1 1

C SI I20 30 40 50 60 70
I I I I I I

Carpenters 5 4 Number of Men per Shift

Electricians 7 8 4 10 6

Equipment 10 8 9 10 6 4
Operators

Insulators 12 2

Ironworkers 10 14 11 3

Laborers 5 12 9 8 4

Millwrights 3 8 2

Pipe Fitters 8 36 39 38 18 16 24 14 6

Riggers 10 11 8 7 6

Welders, Certified 14 4

Welders 10 11 10 4 2

TOTALS

NOTE: Shift length 8 hour, i.e. , I man-day 8 mun hour.

A,



NUMBER OF SHIFTS TOTAL MAN- PERCENT MEN PER SHIFT
I I I I I DAYS OF SKILL OF AVER- MAXI-

50 60 70 80 90 REQUIRED EFFORT AGE MUM
I I I I AGE MUM

4 Number of Men per Shift 298 4.8 4.3 5

4 10 6 366 5.9 6.9 10

6 4 574 9.2 8.2 10

2 2 322 5.2 7.0 12

14 11 3 674 10.8 9.6 14

4 465 7.5 6.6 12

2 221 3.5 3.6 8

18 16 24 14 6 1,815 29.1 25.2 39

7 6 416 6.6 8.0 11

4 526 8.3 9.7 14

0 4 2 571 9.2 8.2 11

6,248 97.3

B3
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Figure 23 represents the time-phased work schedule for the chlorine-caustic
plant at the 5 psi damage level. The plaait required 66 work shifts to complete
repair and used 14 different labor skilis. Riggers, pipe fitters, and ironworkers
represented 61 percent of the tUtal work force.

Figure 14 depicts the oxygen plant time-phased repair sequence at the 9 psi
damage level. Sixty-four work shifts were needed to repair the plant and 12
zreparate skills were used. Pipe fitters, electricians, and certiefied welders
co-'.iiuted 54 pereent of the total wor•k force.

Figure 15 illusti-aes the time-phased repair sequencoo for the ethylenepelant
at the 7 psi delta damage level- Fifteen separate labor skills and 98 work shifts
were required. Pipe fitters, certified welders and bricklayers constituted 47
percent of the total work force.

Figure 16 indicates !he time-phased -.'pair sequence for the ammonium
nitrate plant at the 6 psi delta damage lerei. Forty-two work shifs and 13 sepa-
rate labor skills were needed to place the amnimonium nitrate plant back in opera-
tion. Pipe fitters- ironw-orkers. and welders represented 50 percent of the total
work force.

Figure 17 illustrates the time-phased repair se•uence for the sulfuric acid
plant at the S psi delta damage level. Se-enty-six work shifts and 11 labor skills
were needed to repair the sulf.ric acid plant. Pipe fitters, ironworkers, and
equipment operators constituted 50 percen! of the tata1 work force.

The ethylene plant repairs required the longes'- time peried while the anmogium
nitrate pait required the ieas time to restore production. The number of different
skills reipired for repair vmried for each of the typical establihments; however,
11 of the 15 labor sdkils utilized were common to all fiRe tpical plai-s. Pipe trs

azcc•unted for at least 20 percent of the acal repair effort in all of the typical plants,
with ironworkers and both classifications of welders the next most important
skills. The time-phased repair sequences are based on having the re-nired labor
skils a%-valable; ff alternate skils wm•ld have to be used, the tim-e periods needed
to repair the plant would increase.

Crifticl -StIls

The tiwme-nased -s-quencing has shom uwhich labor skills uvaild be in the
greatest &emand, that is, whiich skills would have to centribute the greatest man-
vower to repair the 2S1 industry group. This is one definition of s critical skldll;
how-ever. a more accurate indication of a critical s-dll would be the percentage of
the total mar-nper pool of a given skill required to repair the indu-•-ry-. For this
sludy. this was ascertained by extrapolating the delineated labor sk.Ils in the time-
ehased. "typical plant sequences to the 2Slx industry_ which each typijmal establishnment
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represented. The extrapolation was carried oui on the basis of annual producti.o
of the tyical establishment ,iarsus the annual production of respective industry. *
The av-ilability of a specific labor skill (the tot.l number practicing that lalhcr

Mskll in the United States) w-.s based on the United States 1960 Census of Population,
Detailed Characteristics [281. Eight categorieiý of labor skiils were e.xamined

Sfor their criticality instead of the 14 labor skidls used in the !ime-phased secuenc-
ing. Sax labor skills were not included for two reasons: (I) the total demand of
some of these skills uas less than one percent of the toall skilled manpower (for
example, millwrights), or (2) the census data eOther did not delineate that spxecific
Skill or combined it with another sWk (for example, uelders .ere Dot listed in
their i-ious subclassifications).

28lx Industries

Figpre 18 illustrates the relative criticality of various labor sdkills in ite
281:2, 2813, 281S. and 2819 industries. Txhe figure is based on anl establishments
0o each industry &.-=ged to the delta damage level and the availability oF pre-
atiack- quantities of labor sIlls as shown in Table 11. Equipment operators/
riggers and ironn-okers are the two most tritical skills in the 2812 and 2813
industries. Boilermak-ers are the most critical in the 2S1S industry (admost 2--5
percent of the boilermakers in this country would be required Zo repair that in-
dustry). In the 2819 indist-y-, boilermakers, equipment operators/riggers, and
irofiiorkers are the most critical.

281 1ndu52-r,

Figure 19 sumnarized the critical sk-ils of the 281 industry group and includes
subg-roup. industries 2815 and 2816. The subgroup inclusion u-as based on their
annual prodnction and its ratio to the annual production of the 281 industry group.
It uwas assumed :hat these two industries would require the same distribution of
S.luied labor as the other four industries studied. Figure 19 is based on all
establishments of the 281 industry damaged at the delta damage le-tel versus the
prea;.ttck availability of the eight different sl ills. Three labor skills-boilermakers,
equipment operatorsrigg.rs =Ad ironworkers-each had to supply over 25 percent
of their preatta-k labor force to repair tde 281 industry group.

The 2S19 industry includes the manufacture of both liquid and solid chemica's.
Ammonium nitrate ums used to represent the solid chemi cls portion (proxi-
-rarely 67 percent) of the 2819 industry on an annual 1roduction basis. Sullnric

acid (approximately 21 percent) was used to represent the liquid ciremicals por-
tion of the 2S19 industry production, except for amxnnia manufacture. Ammonia,
which accounts for 12 percent of the 2,519 industry annual production, was ap-
p.roximated by using :he ethylene plant that contairn che-nical equipment modules

more representativ-e of ammonia manufacture t the other 2,159 eszablisbments.

j]
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Figure 18

REQUIREMENTS FOR CRITICAL SKILLS FOR THE SIC 28]x INDUSTRY GROUP
FOR DELTA DAMAGE LEVEL
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Table 11

1960 U.S. CENSUS DETAILED CHLARACTERISTICS

Total No. Total No.
in U.S. A. in U.S.A.

Boilermakers 23,713 IrOnwork-ers 57, 987I
Bricklayers 191,169 Pipe Fitters 303,5411

Carpenters 816,195 Welders (certified and

Electricia- 334,732 ohr)3435'

Equipment Operators and
Riggers 123,335j

Parametric ApalI-sis of Industry Destroyed and Population Killed

The previous figures assumed that all establishments of the industry were
damaged to the median damage level and all of the preattackI industrial population
was available for making repairs. A more realistic appraisal would assume a
mix between these two states, that is, certain percentage of the industry destroyed
versus a certain percentage of population killed. The Lambda Corporation [29J
derived a relationship for fraction of population killed versus fraction e. industry
destroyed for various levels of nuclear attack. Figure 20 depicts this relationship.
Utilizing this information, a parametric analysis %-s performed to determine the
impact of labor availability versus industries destroyed. The taklevels-
500 mt, 1, 000 mt, and 2, 000 mt-were used, and corresponded to three population
versus industry mi~xe-s indicated by the dashed lines on Figure 20. Figure 21
illustrates the results of this parametric analysis. In the worst case (the 2, 000 mt
attack), over 50 percent of the surviving boilermakers, ironworkers, and equip-
ment operators/riggers would be required to repair the 281 chemical industry
group. -As indicated in the Introduction, the degradation of demand for chemicals
as a result of the attack- is not considered and it is assumed that skilled labor
experiences the same casualty rate as the general population.

The basic chemical industry, although essential to the economy of the cou~ntry,
represents only a small segment of the total manufacturing capability of the United
States. The 7VA for the 2S1 chemical industry group was approximately 3 per-
cent of the XIVA for the entire U. S_ manufacturing indus try in 1963. However,
during the same year the 281 industry group did account for 6. 5 percent of the
Manuffacturing Industries New Construction [301.

The percent of labor skills normally emiployecd in the 281 industry group is
indicated by the shaded area of the bar graphs in Figure 21 as a percentage of
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Figure 20

FRACTION OF UNSHELTERED DAYTIME POPULATION KILLED AND

INDUSTRY DESTROYED FOR DIFFERENT ATTACK OBJECTIVES
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survivors. For example, using the 2.000 mt attack in which 44 percent of the
population survives, 6 percent of the surviving pipe fitters would represent the
number of pipe fitters normally used in the 281 industry group for construction and
maintenance. The remaining 24 percent of the surviving pipe fitters would have to
be taken from other industries or jobs in order to repair the basic chemical in-
dustry. Under these conditions, it would appear that seven of the eight labor skills
could be considered critical, and boilermakers, equipment operators/riggers,
and ironworkers would head this list. It is interesting to note that under the
straight time-phased sequencing of labor skills (based on the reouired number of
men of any one skill) pipe fitters and welders were most in demand. However,
personnel possessing these skills are more numerous 2nd the demand would be
less critical than that for the other labor skills.

Based on the previous figures, * it appears that the supply of certain labor
skills would be inadequate to meet the demrand in the postattack period, and that
a source of alternative labor ski-Us would be needed to perform the necessary
repair tasks. However, we have not made a rigorous analysis of consumer de-
mands for chemicals--that being outside the Ecope of the contract-so that the
results given here are for maximum repair efforts required. A further study
is needed to delineate, for several national attack conditions. the actual repair
effort required to meet the surviving consumer demand. In a previous study [1],
a qualitative examination of this problem indicated that part of this postattack
demat-d for skilled labor could be met by people who possessed a latent skill
through former occupation not declared in the current census. To delineate this
latent capability, research in this area would be very important. Other alterna-
tives would involve selective repair of a limited number of establishments or an
elongation of the time scale for repair aiith the available manpower.

Tý_pically, the majority of chemical plant expansion and construction is per-
formed byI the construction industrv. With the heavy damage that could be expected
follrwing a nuclear attack, the chemical industry, lacking the capability to perform
necessary repairs itself, would have to rely on the construction industry to supply
the men and equipment required. Therefore, a further indication of critical skills
and the magnitude of the repair problem can he ascertained by comparing the post-
attack demand for labor skills that the 281 industry group w-ould place on the con-
struction ind-strv.

Figure 22 presents the results of an analysis showaing the percent demand of
surviving skilled labor employed in the construction industry that would be required
to repair the 281 industry under the 1,000 mit attack lei - onditions (Figure 20).
The surviving labor skills in the construction industry were derived from the
preattack quantity of labor skills [31]. As indicated, there would be an

I I the recent Nat-tional Entity Survival study [271, SRI stated that only a small

fraction of the surviving labor force was required to restore the damage to the
manufacturing industries. However, as the results of the critical skill analysis
show. the type of labor (boilermaker, pipe fitter, or welder) is of greater impor-
tanie than the total manpower available; thus even though SRI indicated a surplus
of labor in general, a serious deficiency of skilled labor would exist postattack.
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Figure 22

DEMAND ON THE SURVIVING LABOR SKILLS TO REPAIR THE
281 INDUSTRY GROUP
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[insfficiient number of survivors in three labor skills (ooilermakers, equipment

operators, and welders) to meet the demand from the chemical industry, and two
other skills (pipe fitters ald ironworker.c require more than 30 percent of the
constructic~n industries' surviving supply. "'-s means that the construction in-
dustry ý.uld be unab".e to meet the demands of the chemical industry (disregarding
damage to anzw other segment of the manufacturing industry) and -ther sworces of
skilled labor would have to be found.
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The tvi of chemical plant and its relative location would determine the degree
of damage caused by a nuclear attack. It is pertinent, therefore. to consider the
type oi d .mage that could be expected at various overpressure levels, alternate
modes of meration to re-establish thE plant on line, any stpply and equipment
constraints germ•nin to a t-piml plant, and preattack planning and protective
actions a giant migi-t tm-drtahe to .improve it- survi-abiIity under nuclear attack.

Chlorine-Caustic Plant

At very lo-w oerpressures (I to 2 psi), the rbIorinejcav::tic plant .ould
suffer only minor da-age, the most e.tensive would be the collapse of cylindrical
storm.& tank roofs; the cooling tower, control systein, and vacuumn filters O.so
would suffer minor damage. Althougb the plant itself would ra4iire some 1, 000
man-da&;s of repair effort. the grater pari of this period would be spent in !be
repaiir of the storage tank roofs; this probabl- would not prevent plant start-tp
wi••hin two weeks after the attack.

S- At omerpressure levels bet-heen 3 and 5 psi. more seriouz damage would
occur. Tne di-phragm cells and chlorine dryer woud be severely damaged and
ineperable. the control cubicles and cooling tower would be destroyed, and the
electrical system and vacuur.m filters would sustain heavy damage. The plant
repair effort would require between 4,009 to 6,000 man-days and would be shut
down for more than t" months. At overpressure lev'els of greater than 8 psi,
the plant would be considered destroyed and repair would be infeasible except
under extraordinar_ circumstances.- Cannibalization of some chemical equipment
1heat exchanges. uumps- and conmpressors), however, might be poss.:ble and be of
particular value when secondary efforts (such as fire and e-xplosion) has caused
scattered damage.

Oxi'en Plant

.A low overp ress.re (1 to 2 psi). damage to the liquid oxygen plant would be
resr-i--ted to te co-A-rols a=4d cx-inig toWer. The plant w~uld require only 100
nat--,irs to rep-nair ankd probably e, aild be ;.. -oraieion within a week. At 3 to 5
psi. 01e plana woel•d s-jffer liga to i-nih d .mage. wi-h the controls and cooling
tower destr-yed and the electric svsteni da•anged.- Rstoration of the plant to an



operating condition would requulc from three hbmdred to six hundred man-days
and would take several weeks to complete. At l~igher overpresmures (between
6 and 9 psi), the planu mIld suffer .evere darage, with the loss of piping and
pipe racks, destraction of tbe electrical svystem, and heav~y dwmag3 to distilatixi
columns, electnic motor. drives, and refrigeratiqn units. Two to three thousand
man-dCays over six to eight vweks would bh requireei to restore the plant. Over-
pressure levels in excess of 12 psl would make the plant infeasible to repair, as
the majority of equipment would be destroyed; however, compressors, rumps,
and heat exchangers probably could be salvaged.

Etkylene- Plant

-At low overpressure levels (between I and 2 psi), the ethylene plant v.ould
sustain igh damage. However, the large cracking beaters necessary for the
production of ethylene would be seriously damaged and the plant as a whole would
require up to 3.000 man-days and six to eight &weeks for complete repair. At
somewbat bigher overpressure levels (between 3 and 5 psi), the ethylene plant

Swould suffer light to medium damage; the cracking heaters, control cubicles, and
cooling tower would be destroved and the elect-rcal system damaged. Fie to six
thousand man-days of re,,air effob would be required to repair the plant and
production would be halted for at least 10 to 12 waeks. At overpressure levels
between 6 aad 8 psi. severe damage would occur. Distfiiatiom columns and piping
and pipe racks would be severely d-mar-i or destroyed, electric motors o--uld
be damaged, and 12, 0O0 to 14, 00 man-days of repair effort would be required.
At overpressure levels greater than 10 psi, repair of the plant would be infeasible,
although compressors, pumps, and beat exchangers probably could be salvaged.

Amxmonium Nitrate Plant

At low overpressure levels (1 to 2 psi), the anmmouhmm nitrate plant would
sustain light damage. The equipment elements damaged would be the atmaspheric
storage tanks, the control system, and the cooling tower. Tbe repair effort
wmold not exceed 200 man-days and would require only one to two weeks. At
higwher overpressure levels (between 3 and 5 psi), the plant would suffer moderate
damage with the cooling tower and controls desbro-ed, and the package boilers,
ehcxtrical system, solids storage bins, and barometric condensor suffering severe
damage. Six hundred man-days oi repair effort over a period of severAl weeks
would be required. At overpressure levels betweeen 6 and 8 psi, the plant would
suffer severe damage; reactor vessels would be damaged, Ut-e conveying system
destroyed, and the piping, package boiler, rota-y kils, and prilling tower
severely damaged. Repair would require up to 1,600 man-days and six to eight
weeks. Oherpressure levels greater than 9 or 10 psi would mae the plant
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infeasible to repair, although pumps, heat exchangers, and pressure vessels
might be cannibalized.

Sulfuric Acid Plant

At the i to 2 psi overpressure levels, dunmage to the sulfuric acid plant would
be limited to the acid storage tanks, the control system. and the cooling towers.
This damage would requ-ire over 1,000 man-days and over four weeks to repair.
At higher overpressures (betaeen 3 to 5 psi), the plant would suffer light to
moderate damage. The Eorage tanks, cooling tower, and control cubicles would
be destroved and the electrical s-stem and air blower damaged. The repair effort
would require from 1, -500 to 2,000 man-dacs over a peeriod of six to eight weeks.
At overpressure levels between 6 and 9 psi, the sulfuric acid plant would sustain
severe damage. The acid absorbers, converters, and towers would be severely
damaged and the piping, electrical system, and air blower would be destroyed.
Six th-isand to S. 000 man-days of repair effort would be required during a period
of three to four months. At overpressure levels in excess of 12 psi, repair of the
sulfuric acid plant w-.ould bee infeasible; however, heat exchangrs, steam turbine
drives., and acid coolers might be salageable.

Table 12 lists secondary- hazards. supply and equipment constraints, alternate
operating procedures, and possible damage due to uncontrolled shut-down for the
five typical establishment studied.

281 Industry

The 2181 basic chemical industry group, could reduce its overall vulnerability
to damage 1rom a n-clear wapon attack by judicious planning and preventive
measures. Preattack plans should include procedures on a safe, orderly shut-
dowo of the plant's chemical processes, provisions for specififc employees to be
sheltered on the premises (to handle postattack contingencies), and procedures
for taking precautionary actions to protect the plant and equipment. Exmples
of premautionary" actions that ,culd Melp to reduce the -ulnerabitiiv of a chemical
plant arc:

e Harden control rooms and conurols whenever imssfible (using sandbags,

etc.).

* S&it down plant in an orderly. systematic manner 1321.

SFill vaesels and tarnks with -zater or the product to increase resistance to
overturning.
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* Utilize missile barricades (steel mesh screens) around equipment that
could be severely damaged by missiles (for example, glass-lined
reactors).

* Protect sight glasses on equipment containing chemicals that are ex-
plosion hazards [341.

e Isolate (by -alving) all storage tanks and vessels to prevent fire spread-
ing from one to another through interconnections.

I Tie down reactor vessels, transformers, etc., to increase resistance
to overtuoning.

A ,-eak-link approach to hardening should be undertaken, that is, harden
those chemical equipment elements that would suffer damage at the lower over-
pressure levels. (.Attemptiag to harden all equipment in a chemical plant to
resist damage above 5 or 6 psi probably would prove both e.-Vensive and difficult.)

Certain alternate cperating procedures have been described for the five typi-
cal establishments in this study. The use of these interim measures would
reduce the efficiency and capacity of the chemical manufacturing process and
in most cases would usually Io-er the quality of the final product. The reliability
and safety of a chemical process also would be degraded through the use of these
alternate procedures. However, through the use of these procedures it is pos-
s ble to regain some production capability in a shorter period of time.

Some general alternate operating procedures that would be applicable through-
out the basic chemical industry are:

& -Automatic controls-when automatic controls have been damaged, an
alternate procedure is to resort to manual operation. While this would
increase the size of operating crews by a factor of three or four, manual
controls would allow partial or full operation while an expedient control
system was being rigged.

9 Atmospheric storage tanks-when the roof on an atmospheric storage
tank has been badly damaged, an immiscibl floating liquid acting as a

a-apox barrier could be utilized in lieu of repair.

0 Cooling tower-when a cooling tower has been completely destroyed, an
alternate method of cooling can be arranged by bulldozing the debris of
the cooling tower into the undamaged cooling tower basin and sprayi-ng
the water over the debris. Although fliis eNpedient will considerably re-
duce the cooling capacity, it will return some cooling capability to a
damaged plant.
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A nuclear attack on this m-nr ý,- uld xu•idou -ed~y disrupt the normal
channels of supply and transporlation. E.uiiýe"; sup-ply and spare part con-
straints have been discussed p.-cvimu-1y for each cf the five typical establishments.
How this would affect the restomation time of a ma.ic chernical industr- would be
very difficult to quantify and is beyorid i.- sc s e of this report. ho-e-er, it
would be reasonable to assume mat mn-u~ spa.re p:.rts and replacemeni equipment
would be extremely difficult (if net irmpossible) to secure in the aftermath of a
nuclear attack. The option reniiainhg -mmuil be cannibalization and salh'age of
chemical equipment from several different plants to re<etivate one plant. This
probably would be the most feasible method ol restoring pr.o-ue.tUC-n o the basic
chemical industry.

Operation Versus •nut-4jw.l

The chemical equ.pment da,-_age predictions and the .econdary -amage haaards
tabulated in Table 12 were predicated on the assumption thal 1ke t1,,ea• estabkish-
ment-s wer operatiug under normal conditions at the tiine *1 the m•-..OMr a•-ack,

Insofar as blast-inch-ced danmage to '-bemical equpiment Is concerened, there ap-pears
to be no significant difference be•%etn The rulnerability of eiqpipment- in an age-t-img
co,.lition versus a shut-doun conition; however, vesses -Zr -anks su--pore- on
columns will fail at lower "vetpres.sres if ermptied-i of co'tenrs. (jM.algue estU-
mates were performed for amnks and vessels in the full and em i-o=dtie. and are
notated as such in the damage/repair catalog, -Apendix E. ) A, mwre impnr-fant
aspect 1321, hchever, is the nature of the chemicals contained hi the equipment
when subjected to blast overpressures. -Many of the chemicals manufactured in
the basic chemical industr. are noxic.is. toxic. or flammable; if allowd to leak

or spill to the atmosphere. serious secondary hazards could be crested that would
cause more severe damage to a plant and its personnel than w'uid have been pre-
dicted by- blast levels alone. Thus, precuti--3a-r measures would shut down a
chemical plant prior to a nuclear attack, wilb pipelines and equipment being
drained of their contents and water or some etiher inert fluids substiUted in
vessels, tanks, and distillation columns. This is a safet-y measure practiced in
some areas of the countrv uhen a hurricane is enipected [371.

-Another possible hazard that was investigated briefly is the possibility- of
cerLain chemicals within tanks or vessels detonating %hben the rank or vessel
containing the chemical is struck by missiles. However, the enxplosive suscepti-
bllitv of chemicals is complicated and published information is limited mainiy ! to
those chemicals coammonlv classed as explosives [ 35 and 361.
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IX

CONCLUSIONs AND
RECO•M3ENDATiON3•

Conclusions

Damage/Repair Catalog for Equipment

The catalog of individual chemical equipment components v•ith corresponding
damage and repair estimates was crucial to the development of study results.
The existence of the catalog permitted accurate estimation of the repair require-
ments for actual establishments of the basic chemical industries. With this cata-
log, it is possible to estimate repair requirements for a wide range of manufac-
turing establishments--even those outside the chemical industry when the required
equipment is added to the catalog.

Mathematical �odels for Relation of Repair Effort with Damage Level

Repair estimates for the 46 chemical equipment components studied were
calculated for a wide range of damage expressed in overpressure levels. A
mathematical model was found that satisfactorily represented the calculated re-
pair versus damage relationships for all equipment compcnents uwen appropriate
empirical constants are used for each component. The model includes a scaling
factor relating the repair effort with eauipment size or capacity, thus permitting
the scaling of repair effort to the size of a given component.

Mathematical models were developed to relate repair effort and damage level
for the four typical industries (SIC 2812, 2813, 2818, and 2819) as well as for the
overall SIC 281 basic chemical industry group.

Repair Effort Required for Chemical Equipment Components

The repair effort required to restore damaged chemical equipment components
generally reflected the complexity and vulnerability of the equ~pment. The type of
repair required for equipment with a hard vulnerability classification usually in-
cluded only realignment or resetting on foundations since little internal damage
occurred. Medium or soft category components, on the ciher hand. n:sually
e-xperienced both internal and external damage and required additional 4Wpcs of
repair.
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-Repair Effort for the SIC 281 Basc Chemnical Industry Group

The maximum repair effort ife.r overpressures greater than 15-20 psi)

requtired to restore the ba.sic chemical industry group (SIC 281) xwas found to be

'-.pproximately - millic man-days. The damage level requiring 50 percent
of this r.muidmam repair effort uas found to be about 7 psi overpressure. (The

curve shape is vert steep at this overpressure.)
Th- maximum repar e-fort reprcsented from 50 to 240 percent of the new

co,-structioi effort for the a-rious industries of the basic chemicals group,N-ali-

dating the magnitudee of our repair estinates. This repair effort corresponds to

about five times the labor effort expended annually for new construction in the

basic chemical industry group (for the year 1965). To repair the entire industr_-

an unlikely eventuality if probable surviving consumer demand were to be cot-sidered-

would overwheim rthe st . tiing repair capabilities. Hc•-ever. even a selective, limited

rep-air effort wo-ald be iikeey to encounter constraints and shortages of a long-term

nature.
S.n interesng relationship relating plant capital costs to the ratio of maximum

repair effort over total cost -as identiied. In this relationship, the plant capital

cosis could be considered an index of plant complexit-. Although this re.lationship

probably is useeful only for gross approximations, it can be a tool for estimating

reatir requiremenls.

-k-Wed Labor Requireme.nts

Ri appcars tbat the supply of certain labor skills would be inadequate to meet the

ldc.narA in the postats eck period and that an alternate source of labor or skills wculd be

:*-ded. The most critical skills were found to be boilermakers. equipment operators/

-- arig s, and welders. From previos Lv-estigve cn [ 2 it appears that there are a

nmrber of pe•ple with latent skills that could be utilized to meet the demand.

PDreattack Planning and Precautirmar- Actions

Preai!ack plans should include procedures for plant shu--dmon. p-oaisions

for sheltering specific employees, and procedures to cover pre-cauionar- actions
for pretection of the plant and equipment.

Prec-utionary actions to help reduce chemical estab.lishment vuln-erablity
include: (1) earder, controls and control rooms; (2) shut dawn plant safely; (3)

leave vessels, tanks, and distillati(.n columns full of waller or oilher inert liquid;

(4) prc-tc! equipment susceptible to missz!e damage with app-Wriawe barricades;

(5) protect s-ht glasses on equipment suscptib.w t c.-pl, sio-n hazards; (6) iso-

lallse- storage tank-, and vessels to prevent firt pread; (7) secure tall equipment
ite-aes with tie-down to reduce overturning rulnerability.

4
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Vlnerabilitv of Chemical Equipment Components

Chemical equipment components have bccn classified into three broad groupings

according to damage vulnerability: soft, medium, and hard. Examples of the soft
group (severe damage experienced beloir 5 1isi) include controls, coolUng towrs,
=nd storage tanks (except spherical). The medium group (severe damage oacurri4g
between 5 and 10 psi) includes items such as blowers, columns, and package boilers.
Examples of the hard groip (severe damage etxperienced above 10 psi) are heat ex-
changers, pumps, and spherical storage Ltnks.

Damage to equipment -a-s identified according to the particular weapon effect
producing the damage. In this regard, overpressaire (diffraction phase) -%as found
to be the major cause of damage for buildings, storage tanks, cooling towers,
electrolt•ic cells, and controls. Dynamic pressure ,as foumd to be the major
cause of damage for certain exposed components such as columns, process and
pressure vessels, heat exchangers, pumps and drivers, compressors, most of the
* pecial equipment, paciage units, and piping.

Critical Chemical EoiDment Comoonents

It is not possible to assign a criticality rating to individual chemical equipment
components in a general manner. A component may bee erical in one particular
application in a prozessing scheme and semicritical or_ noncritical in another.
Equipment must be rated for criticalit- on an individmci es'lablishment--1r-establish-
ment basis.

Comparison of Stud- Results with Other Work

A portion of the National Entity Survi-al (NES) Study [-2811 amined rceair
effortifor the SIC 28 major grTup. A comparison indicated the NES study res.dts
would te a factor of :. 2 to 2.6 times higher than the correspondmig repair estimates
of this st--y. Although the agreement between the results of these two studies is
acceptable, the results of the present study, being bet.r validated, should be in-
ecrporated into the NES model as soon as possible.

.--eo=rDhical Distribution of the Basic Chemical Indus-tries

One measure of the geographical dis--ibution of these industries is related to
their pro.ximity to sLmtdard metropolitan statistical areas (%SSAVs). An analysis
of all establishments ,.ithin the basic chemical industr-, group reveals that over
70 percent of the production capability is loca:td in S3ISAs.
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The nature of the available information concerning geographical distribution
of the basic chemical industries and the budget limitation for this contract have
made it impossible to give a more meaningful presp-ntation of such distribution
in this study. With frrther research, houeve.-, it should be possible to uncover
usef-A relationships.

Complexity and Interrelation off Chemical Establishments

The most modern chemical establishments tend to have increased use of auto-
maxion in process control, and computer cont"rol systems are becoming more
pre-alent. These factors result in establishments more vulnerable Io nuclear
attack since control and control sys.tems are relatively soft in comparison with
more chemical equipment.

Another trend in modern plants is toward the inierrelated plant or multi-
chemical complex. In some cases, these plants harc long inter -onne-tin prodct.
pipelines, with related plants being 50 or more miles apart. h complexes such
as these, vuhlerability of production capability is increased due to depemdence en
interconnections with other establishmer.s.

Classification o lthe Basic Chemical Industries

De to the nature of existing establishments mamffacltring chemical produces,
the classification of these establishments into specific gropings is rathar arbit-rary
and the actua boundaries between such groupings are indistinct.

Recommendations

Based on the results and conclusions of this study-, the follo--ing areas of
futore research are recommended.

1. Study in detail a iarge wuitichemical plain to determine m--re aceu-zateivy
the effects of nuclear attack on a chemical complex with amany intercon-
nected product lines.

2. Apply the apropriate mathema-ical models to the actual chemical
establishments of the SIC 2S1 industry grou-p present in the cities of the
Five-Cit" Stdiky. Sch a study would provide basic inputs for the post-
attack recovery portion of the Five-Cit- Studýy and provide a better under-
standing of the problems facing the basic chemical industry group.

3. Explore the appli-ation of the results of this study to other industries.
Dy appropriate addition of new equipment items to the damage/repair
catalog of this study, it should be possible to make estimates for the
repair requirements of a wide range oi industries crasice the SIC 231
grc•.•



JI
'RS 687-4 117

4. Examine the decrease in demand for chemical products of the SIC 281
industry group that xould result under various co-ditions of nuclear
attack and the resultant changes in repair requirements caused by the
changes in demand. This would require study of the interactions of
these chemical products with industries outside the 281 group as well
as the effects of population decreases and the damage ex.perienced by
Other related industry groups.

5. 'Eýplore in more detail the potentially useful relationships among repair
effort, capital costs, and degree of complexity for a wide range of
chemical establishments. It appears that some sigaficanst shortcuts to
repair estimation may be possible b- relating these v-ariables. Applica-
tion to estatlishments outside the -bemical indust-ry also may be possible;
this could facilitate repair estimates for the w-hole spectrum of mannu-
facturing establishments.

G. E.xaire in depth the available information concer-nig geograhIcal dis-
tribution of chemical industri- establishments to uncover the controlling
rxeiatio-ships.

7. inc-rpormte applicable portions of the results of this study into the NES
model to vieid more accurate predictions of industrial capacity and
restoration.

8. Perform research into the edxistence of currently unreported labor skills
that are possessed as a result of militar" service, former emplcoyment,
or hobbies. The tabulation or estimation of the number of persons fall-
ing into the various labor-skill categories worid provide use informa-
tion for restoration and reclamation studies.
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APPENDIX B

SELECTION OF
REPRESENTATIVE INDUSTRIES

The selection process used in this study was guided by the criteria delineated
in Section I and assisted by technical consultation with personnel from Rogers
Engineering (subcontractor to URS Corporation). As indicated earlier, the selec-
tion w-as performed at the level of major industry numbers within the 281 group
and also at the level of chemical products under the selected major industries.

First Selection Level

The six major industr- headings were surveyed and four industries w•týe
selected as being mcst representative of the SIC Group 281 establishments as a
niuole. Each of the six industries is reviewed and the rationale for inclusion or
exclusion is presented.

2812: -Alkalies and Chlorine

Chlorine would be a very important che-imcal in the early postattack period
because of its use in water and sewage treatment and also in the pulp and paper
manufacturing industry. Sodium hydroxide also would be important in the early
postattack period because of its use in the pulp and paper industry and in petroleum
refining. In addition, both of these chemicals (chlorine and sodium hydroxide)
along with sodium carbonate (another 2812 chemical) are extremely important due
to large volume production and extensive ust in manufacturing oG-ganic and in-
organic chemicals. For example, they are used in the production of soap and
detergents, fibers and plastics, glass, petrochemicals, pulp and paper, fertilizers,
explosives, and solvents.

2813: Industr~L Gases

Included in this group of chemicals are ox-gen, acetylene, helium, hydrogen,
and refrigerant gases. Oxygen and acet-%lene would be vital for immediate post-
attack recovery because of the need for metal welding and cutting. Oxygen and
helium would be important for medical purposes. The s:'ppl. cl refrigerant gases
also may be vital in the postattack period. OxQgen lsaz become a high volume pro-
duction chemical in the past ten years due prImarily to iFs use in steel production,
but it is also important in the manufacture of acetylene, ammonia, and methanol.
Nitrogen is used in high volume also, and is employed in manufacturing ammonia
and preventing rancidity in foods sealed in containers. lHydrogen is important for
its use in ammonia synthesis, hydrogenating edi-ble oils, and for electrical ma-
cniner,- ard electronics.
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2815: Cclie Intermediates. Dyes, Organic Pigments,
and C-clic Crudes !
The majority of products in this group of chemicals (dyes, color lakes Iri d

toners, and organic pigments) must be considered unimportant for the immn-diate
recovery period. The few items of interest in the list (cyclic intermediates such

} as benzene and benzene derivatives) are products manufactured in much larger
quantities in other manufacturing groups such as petroleum refining (-peci -llv,
the SIC 29 major group), or as byproducts (for example, from coke ovens).

2816: Inorganic Pigments

Since inorganic pigments wosd not be considered vital in the immediate post-
aitack period, this group of industries is not of prime importance for our study.
In addition, this group of products represents less than 5 percent of the manu-
facturing value added for all basic chemicals.

2818: Industrial Organic Chemicals

This group of products accounts for over 48 percent of the total manufacturing
value added for all basic chemicals and contains a number of products considered
important for immediate postattack recovery. Included in this list are chemicals
such as: insecticides, hydraulic fluids, industrial alcohols, the basic raw ma-
terials for many important medical supplies, and petrochemicals.

2819: Industrial Inorganic Chemicals

This "roup of products includes about one-third of the manufacturing value
added for basit: chemicals and contains many chemicals important in the immedi-
ate postattack period. The most significant items include fertilizers, water
treatment chemicals, disinfectants, explosives, raw materials for the manufacture
of soaps and medicines, and chemicals necessary for paper production. The chemi-
cals in this group are produced by a variety of processing equipment and techniques.

On the basis of this initial survey, Industry Numbers 2812, 2813, 2818, and
2819 were selected for the purpose of this study as most representative of the
industry as a whole.

Second Selection level

"Having chosen four major industry headings, the next step -as to select plants
manufacturing chemicals in each of these industries that are representative of each
of the four-digit SIC code industries (2812, 2813, 2818, and 2819).

2812: -Alkalies and Chlorine

The chlorine-caustic soda (CI2 + NaOH) electrolyfic process was chosen as
representative and typical of the 2812 industry. Hydrogen manufacturing (a 2813



chemical)is included as a b-product of this process. The reasons for this selection
were:

e Chlorine and caustic soda comprise over 60 percent of the dollar value
of products manufactured in the 2812 industry

chlorine - $124, 821,000

NaOll - $147, 0410, 000

Total Primary products (2812) - $415, 963,000

* Chlorine and caustic soda are two of the most important basic chemicals
in the industry and t-pic*Olv are made in the same plant.

* The electrolytic process usei to make CI ; and NaOH is basically the
same as that used to make sorie of the ocrier chemicals in the 2812
industry--such as KOH (potassium hydroxide).

* Soda ash (sodium carbonate) is the third major chemical in the 2812
industry group. Twenty percent of the so-da ash used in this coumtry is
produced from natural sources (Tfrona) whiiie the remainder is manufactured
by the ammonia-soda process or as a byproduct of the electrolytic process
of chlorine-caustic soda.

2813: Industrial Gases

The production of oxygen and nitrogen from air uas selected as the process to
repri ent the 2813 (industrial gas) industry. (The production of argon will be in-
cluded as a b Hproduct.) The reasons for this selection were:

0 Oxygen is a basic reagent for many chemical and manufacturing proces-
ses (for instance steel making) and acccunts for approximately one-third
of the total 2813 industry sales.

e Nitrogen is manufactured from the same process as oxygen and, together
with wxygen, represents 43 percent of the 2813 industry. By itself,
nitrogen rates fourth in the industry in overall sales (11 percent).

* Acetylene, ranking second in industrial gas sales (24 percent of total
sales), is used chiefly for the manufacture of other chemicals. However,
other chemicals (such as ethylene) can be used in some instances as a
feedstock in its place and acetylene used for welding can be made by using
small portable acetylene generators fed by carbide. Therefore, it was
not included in the typical 2813 plant.
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*Carbon dio.-ide, ranking third in !-iduistrial gas sales (I12.5 percent). %%as
considered a noncritical chemical a-.- 75 percent of the CO.a produced for
sales was used for refrigerration (mzmy flther refrigerant, chemicals are
availablels and carbonated beverages. Therefore, it was noetconsidered
in the typical 2813 plant. Car~bon dixt~de is -manufactured throughn natural
gas or oil burning, or as a by-product oxf other processes (urea, fermenta-
tion, etc,.).

281-8: Industrial Organic Chemicals

An ct.1ylena production Dlauit ba-s been tiosen to represent the 28318 industry.

Reasons for this selec~tion are giver- below.

*Eth.yle m. is the largest volum e-production chlen-ical in the industry
(about 5 percent of the 281$3 total).

F Etylene is at very important basic chem icAl and is the buileiiug, block
for miany other hirge-v lume chemicals, s-uc' 0h as, ethy-lene dichio-ride,
ethylene omie ethylene glycol, and polyetbylene.

* The equipment and operrations in the production of ethylenle are basically
the s§ame as those used in the productien of many other chemicals ian the

* ~2818 inidustry.

2819: Industria Inorntani Chemicals

'Me industries selected as most representative of the 2819 group are ammoniurn
n~itrate mawafacturing, and a sulfuric acid plant. The reasons for &he selection of
these particu-lar industries arc- gi-ven below.

e Ammionium nitrate represents approxin-atelvy 4.5 percent of the 281L9
industry MVA azA bad a 1963 prodcktion of 4 million tons. Ammonium
nitrate is nmanufactured by coblinig ammonia and nitric acid in a
recactor. its pr;mary purposse is for the manufaceture: of fertilizers.
Another major P-se, of N~N is. commercial and military explosives:
this accounts for 20) percent of 'the ave-rall use of the chemical- B~oth
fertilizer- aaýI explosiv'es are considered vital during the poztattack-
recovery per icd. T5-e pro-.-s eijipmeni. used in the production of
NHNO is repreentative of the types of process equipment found in
the solid chemical segment of the 2819 industry (compressors, filters,
evaporators, reactors, coolers, absorbers, furnaces, burners, quenchers,
lianuid gas separators, dryers, crystalltizers, centrifuges, and grinders).

* The sulfuric acid industry is considered a basic inorganic chemical
industry as it is used in innumerable processes. TWenty-one million



URS GS7-4 135

tens of tLSO. ecre produced in 1963 and accountcd for 6. 5 percent of
sales in the 2S19 group. The contact process for sulfuric acid manu-

facturing is the most comnmonly used (80 percent of all l1•SO. made)

and while Ai is a relatively simple process it is representative of other
liquid chemical manufacturing in the 2819 industry.

The 2819 industries below wert considered for inclusion in the study but
were rejected for the reasons not-ed.

Commercial and Household Bleaches. Representing 6 percent of the 2819
industry saies, bleaches were considered to be a nonvital item for postattack
recovery. Chlorine, the chemical base for most bleaches, is being investigated

nuner the 2812 i2•dusiries.

Boric Acid. IThis ias not considered an essential postattacm chemical.

Hydrochloric Acid. Although a major acid (one rillion tons produced in

1-93). MC1 is prinari- (-80 percent) made as a byproduct of other chemical
processes: the process equipment is similar to that u.'ed in H-SO, manufacturing.

Phosphoric Acid. A major product of the 2819 industry (2.1 million tons
produced in 1963), the main use of phosphoric acid is for fertilizer. However,
as L-ie wet process for HP•2 0, manufacture uses equipment similar to that of
!he nitric acid - NH, NO manufacture, it was excluded from the study.

Aluminum Oxide. Aluminum oxide represents the larges. '-hemical sales
(10 percent) for the 2819 industry. The primaryv use of .lU2 0 3 ."e as an inter-
mediate step between mined bauxite ore and the production -Af aluminum metal.
Aluminum oxide was not considered critical in this study bacau.e new aluminum
ingots would not be essential in the initial postattack pericui.

Sodium Salts. None of the various sodium salts (phospl•ates, silicates,
sulfates) was considered critical to the postattack recovery period. Examples
of primary uses for sodium salts a-e soditum phosphate (in detergents) and
sodium sulfate (in kraft paper manufacturing).
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APPENDIX C

TY-PICAL PILANT PROCEMFSE

Cbloetne and &C.dium lkdro-ide

A plant II-t produces, ?, 003 tonns perryear of chlorine n M, 70. O(N t•as per
year of *odhir hydroxide was selecied and h-pothetia.I.y designed to reprcse t
te 281' industr-y (Figuare C-1)_ An electrolytic process utilizing diaphragm cells
uased by 73 j)ercent of &ze industry, v.as chosen as the nos- representative of the,
""'c-orine manufacturing processes. * In this process s,)dium chloride is mixed
r-ith -ater in sa-urators (Figure C-li tolform a brihe solution which is then

"pWri•ed in clarifiers and fiters heat•d. neutralized with rochandP-Ir 51 edud - hydrocloric acid, n
- fed to a diaphragi cell. in !he diap-ragm cells, cIectric curreza (d.c. produced

by large rectifiers) is passed through tne sodium chloride sc-luticn whiach is
decemposed by the cur-rent to form a 10 to 12 percent sodium hydroLde solution

* at the cithode and chlorine gas at the anode. The chlorine gas, vhich contains a
considerable amoumt of uatem vwapor. is cooled in heat exchangers and then passed
through special ceramic dryIng towers where sulfuric acid is used to dry ihe
chlorine. The dry chlorine gas is then compressed into a liquid, cooled, and
stored as litand chlorine. The sodium hydroxide solution is removed from the
bottom of the cell and pumped into multiple effects evaporators with a barometric
condensor, proddcing a 50 percent sodium hydroxide solutien. The solution is
centrifuged and filtered to remove impritiles, then stored or shipped as 50 per-
cent sodium hydr-odde.

Liquid Oxygen

The manufacture of oxygen by the modified Lnde-Frnanke! iov. pressure process
was chosen to represent the 2813 industry. The 4ypical •xýygen p-antr, wh-ic:h also
produces niZrogen and argon as byproducts, has a production oa 33,600 tOns per
year (Figure C-2). The Linde-Frankel Hiquifaction process taWes incoming 2ir,
compresses it in a centrifigal compressor, cools the air. dries it, and sends iA
into the cold box through revecring heat enxchan.ges. The cold box contains various
distillation columns, heat exchangers, and dryers; it is here thqt the air is cooled

The mercury cell, 1which represents 26 percent of the industry, is of growing

importance as a source of purified caustic. Stracturally the mnercurv cell
(approximately 47 by 40" by 61) reacts very differenty from the Hooker cell
""(Apendix E).
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PROCESS FLOW ODIAGRAM, CHLORINE CAUSTIC PLANT
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to a liquid and fractionated into oxygen. nitrogen, and other components. The
oxygen and nitrogen are then drawn separately from the column as gases and
sent ihrough either an ox.gen compressor or nitrogwi compressor, relliquified
and stored as either liquid o.4-gen or liquid nitrogen.

S.Ethylene

The manufacture of ethylene from refinery gas was chosen as the process to
represent the 2818 industry. The typical ethylene plant used in this study has an
annual production of 232. 000 tons (Figure C-3). In the ethylene process, refinely
gas is initially compressed in centrfical compressors, passed through a caustic
scrubber and an acetylene hy-drogenation unit to remove impurities, cooled,
passed through alumina, Oehydrated (which lowers Me dew point), and ten partially
liquified by further cooling before being sent through a series of fractionating
columns. TIypically three distillation columns are used. The first removes
methane, the second separates et.ane and ethylene from the remaining gases, and
"the third splits the ethylene from the ethane. The ethane is taken off at the bottom
of the column, passed through cracking heaters, and put back into the cycle. The
efhylene is removed from the top of the column and either stored or shipped as
as product.

AmmonimM Nitrate

The manufacture of ammonium nitrate from ammonia and nitric acid was
selected as the process to represent the solid chemicai portion of the 2819 in-
dustry. The ammonium nitrate plant used in this study has an annual production
of 78,200 tons (Figure C-4). In the typical ammonium nitrate plant process
(prilling process),. ammonia iapor and nitric acid are reacted in stainless steel
neutralizing essels under agitation to form ammonium nitrate. The neutral
solition is then pumped through evaporators, concentrated to approximately 95
percent, and pumped thrwgh the top of a prilling to.er. In the prilliug towr•
the nitrate solution is discharged through a w pray head ad falls countercu-rent

to a stream of ccnditioeed air. As it is falling, the materia solidifies into
small pellets or prills, uhich are fed to a rotary kiln dr:er and then thr a
coating drum where the prills are coated with a fine clay to minimize caking
tendencies. The prills are then shipped or stored as products.

Sulfuric Acid

The manufacture of sulfuric acid by the contact prcvess vras chosen to repre-
sent the liquid chemical portion of the 2S19 ind--stry. T-e tpica sulfuric acid
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PROCESS FLOW DIAGRAM, ETHYLENE PLANT FROM ETHANE
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Figure C-4
PROCESS FLOW DIAGRAM. TYPICAL AMMONIUM NI-RATE PLANT
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Wpant (Figure C-5 used in this study has an annual production of 300.000 tons.
The contact p u:-vcess ing ,•'a. sulfur as an input, pumps incoming air through a
drying tvwvr, nnd -zxes this with liquid sulfur in a sulfur burner in which sulfur
dixvide is rpr!o-cfd. The sulfur dioxide mixture is passed through a heat exchanger
ar,-i then int a. c'n'ereter containing a platinum or vanadium pentoxide catalyst; the

4 sulfur dioxide is converted to approximately 95 percent sulfur trioxide gas. This
gas is then partially cooled in a beat exchanger and sent to an oleum tower where
olewun is formed. The gas remaining is passed into an acid absorption tower
%Vhere a slightly higher acid strengtih is yielded. The acids are then cooled in
acid coolers. sent to storage or shipped as product.

S.. .. r _ •/-
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Figure C-5
PROCESS FLOW DIAGRAM. TYPICAL CON4TACT SULFURIC ACID PLANT
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APPENDIX D

AN APPROACH TO
STRUCTURAL F-AILURE PREDICTION

Prediction Bases

The fundamental problem in failure prediction is the translation of design
criterion and procedure into a reasonable failure criterion and procedure.
Basically, all structurcs are designed to function safely under normal usage,
plus survive a. reasonable amount of 1"natural" abuse (high winds, snow, over-
load). The usual approach in thle design situation is to establish the 'normal"
operating and/or service loads ba-sed on considerations such as location and
usage (for example, a 70 maph wind and a 100 psf' floor load). A safety factor for
the possible eventual abuses is then applied. General safety factors have been
established through experience and satisfactory performance of structures by
government agencies, and research institutes-

In establishing a failure, criterion, the safety. -factor must be removed from
structures. The particular problem faced by this study is the desire to Make
"general" failure predictions for entire industries rather fthn for irwilkidual
structurAl elements or even individual structures. A safetr factor of 2. 0 was
considered reasonable for all structural members. For steel building, the Ameri-
can Institute of Steel Construction CAMS) reecomm-ends a safety factor off 1. 67 for
tension and flexure and a range of 1. 67 to 1..92 for stability or buckling problems.
Due to thie so-called "rhidden" safetv factor of plastic b~narior ef structural steel,
the average true safety factor for straclaural steel elements is abo=z 1- 85- The
-American Concrete Institute (ACT) recommends about 2.2 for flexuxral faiflures
and about 2.5 fo-: compression or buckling failures. While indiri-ital organiza.-
tions, agencies, and firms may use different safelty Ifactcrs, these ggene-rally area
higher because of particular e=periences and uses. For Pexample, the Am=erican
Society of Stat e iha Oifiof-als, (ASS110) andI the -American Societv of Railwayv
Engineers (ASRIE? botli zic± safety factors of 2-.0 or sligtly more for szteel con-
struction bec~a-se of the ;*&slibility of overload, fatigue- and vibrations.

Tue ext.,Xa of -a broad general Efaiure prediction is the sai-i-stical be-
h.,v; r of actual failures. Structrural strength #ience, failure) predicte from
design irilormit~ion ir ith the safety 1_-ctor rezzlived Is a lo-wer bo-amd failure- because
design aillowa~ies are based on mixtninum proiperiftes. or about a one percent
probability of failure. To mak-e other es!timates-such as at 50 percent or 99
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percent--probability distribution is needed. Here, again, it is necessan, to use
average distkibutionQ8) for a broad classsof failures. Figure D-1 represents

1 ?M a composite- of findings of -the references listed at the endl of this Appendix, and
-ii by no .means a precise prcbability statementz However, it is felt thzt it gives a
reasonable survey of the statistical. natu-e of the prbblem. One may-interpret
Figure Dl-I as-follows: suppose we predict a columrn failure (buckling) at 100kidps;

ingueD-, weseea 1.25- strength factor opposite 50 percent and 1.5 opposite 99per-
cen; i ma beinterpreted that 50 percent of these columns-will fail, at 125 kips or

less and 94pretwill fail at 15Ok-ips or less. Similar statementis for failure can
ýbe made about beams j1exure), ceramic parts (brittle fraicture), adother-segments.

The Prediction Method

A structure is designed for a set of s~ervice loads that can be functionally
des-cribed by setting the -structural -resistance 91"I equal to a functiona of load:

l-f(V ~VI + HD + +.71 where V sVertical dead load
VLis Vertical live load

is Horizontal dead load

His Hofizontal Fl oad

p ~~It follows then that the failure Resistance B1F can be shown as: I
where S is the itatistical strngth factor, a.nd

4~ ~ nist-e safetY Uctor(2 intisiy

~ r aspe65 of this t3pe c4-desixga philossopy is that it is intended to yied a uniform
safety factor to a structure; that is,, if all loads an the' structure are increased -by

-~nthe-structure wil fail with a correspc!Iding probability of failure. Howiever
If only ýone load icxetcrsethe failure will wto b Sifl no h

is72 -77ý



a Z<

IL

11

_ _ c _ _ _ _

Is -C, -.Himu-



f 160 URS 687-4

corresponding probability. For e-xample, let us consider a tank t pe of structure
that is supported on a ring of columns ,-hich is common for this type of industry.

f Assume it is a high pressure tank and the columns -are the weak link from ewxernal
perturbations such as a nuclear explosion. The design of these columns would have
been controlled by the vertical gravity loads (V ard V ) and a horizontal load

(dfrom wind of 100) MPHD L

P f(l! V 'n 'raP= ll L DVL)
WInd GravIty

Critical Column

We must assume the ver-tical loads are small) (gass filled tank)1 compared to the
wind lead, let:

P= HL + 'VD V+ )

P = 100 + 50 = 150

tben: Pf Sfn(ISO)

or for 50 percent probability of failure

P = 1.25(2) 150
f

Pf= 375
f

Note, now that P = Sin= 2.5 time the design leads, or if both the verfical and
horizontal loads are increased 1W 2.5, the tank will fail 50 percent of the time
uhen VD + V = 125 and HL 250. Since wind force increase at velocity
squared this means a wind elocit- of. = 15S MPH a high and rare wind.
However, if only HL is incr-eased, as would normally happen in a nuclear ex-
"piosion on a "-drag" structure, the! m-ens

HL 50 = 375 wo~ d cause failure SO -nercent of th- time; uhich. is 3.25
times the design wind load which corresponds to I-RD M-PH, that is ue get an in-
crease of 3.25 instead of the previous 2.5.

1Ž
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Another problem one could pose is HL and (VD + V]) reversed in the above
probiem; such would occur in a tank designed to hold a heavy load. For this case
let

P -- ""' + ÷L IIL
P = 100 + 50

Then at 50 percent pro-ability of failure

Pf= 1.25(2)(150j =375

as before. IRowever. if we again only increase the wLnd -we ar-e

375 = HL - 100

or IL =275

wiich epre =75.n _e in t failure load or a wind of 235 MPH.
uibrepresents a 5. 5 tnceeas

From the foregoing, it is seen that the actual failure strength f structural
system Is highly depenA,'e• not only cn the loading mecbanism (the type of imposed
load and/or loads) &At o the inberent char-actersiics of !he structure (dead load
to live load ratio) ad, tc a lesser extent, the mcde fie.xure or buckling).

This brieLf discussion may explain the large discrepancies in the failure

resistances of structu=es designed with the same factor of safety.
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